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A B S T R A C T
T h i s  t h e s i s  p r e s e n t s  t h r e e  o r i g i n a l  c o n t r i b u t i o n s  t o  t h e  f i e l d  
o f  N u c l e a r  M a g n e t i c  R e s o n a n c e  (NMR) : T h e  e x p e r i m e n t a l
f r a m e w o r k  a n d  a n a l y s i s  f o r  t h e  m e a s u r e m e n t  o f  a ne w  i m a g i n g  
p a r a m e t e r  t o  d e s c r i b e  p e r f u s i o n ;  T h e  m e a s u r e m e n t  a n d  a n a l y s i s  
o f  m a g n e t i c  f i e l d  i n h o m o g e n e i t y  a n d  a p r a c t i c a l  c o r r e c t i o n  
s y s t e m  f o r  t h e i r  r e d u c t i o n ;  A  n o v e l  s y s t e m  f o r  t h e  s y n c h r o n o u s  
c o n t r o l  o f  NMR e x p e r i m e n t s  b a s e d  on  t h e  m i c r o p r o g r a m m e dr
c o n c e p t .
T h e  t h e s i s  b e g i n s  w i t h  an  i n t r o d u c t i o n  t o  t h e  t h e o r y  o f  NMR. 
T h e  a p p l - i c a t i o n  o f  NMR t o  i m a g i n g  i s  a l s o  i n t r o d u c e d  w i t h  
e m p h a s i s  o n  t h e  t e c h n i q u e s  w h i c h  d e v e l o p e d  i n t o  t h o s e  i n  common 
u s e  t o d a y .
I n a c c u r a t e  d e t e r m i n a t i o n  o f  t h e  t r a d i t i o n a l  NMR p a r a m e t e r s
(T  a n d  T  a n d  t h e  m o l e c u l a r  d i f f u s i o n  c o e f f i c i e n t )  c a n  b e  1 2
c a u s e d  b y  n o n - d i f f u s i v e  f l u i d  m o ve m e n t w i t h i n  t h e  s a m p l e .  T h e  
e x p e r i m e n t a l  b a s i s  f o r  d e t e r m i n i n g  a new i m a g i n g  p a r a m e t e r  -  
t h e  P e r f u s i o n  c o e f f i c i e n t  -  i s  p r e s e n t e d .  T h i s  p r o v i d e s  a 
m e a s u r e  o f  f o r c e d  i s o t r o p i c  f l u i d  m o t i o n  t h r o u g h  a n  o r g a n  o r  
t i s s u e .
T h e  i n s t r u m e n t a t i o n  r e q u i r e d  f o r  c o n d u c t i n g  NMR e x p e r i m e n t s  i s  
d e s c r i b e d  i n  o r d e r  t o  i n t r o d u c e  t h e  c o n t r i b u t i o n  made i n  t h i s  
a r e a  d u r i n g  t h i s  r e s e a r c h  : A  s e q u e n c e  c o n t r o l l e r .  T h e  
c o n t r o l l e r  i s  b a s e d  on  t h e  c o n c e p t  o f  m i c r o p r o g r a m m i n g  a n d
e n a b l e s  c o m p l e t e l y  s y n c h r o n o u s  o u t p u t  o f  128 b i t s  o f  d a t a .  T h e  
s o f t w a r e  f o r  t h e  g e n e r a t i o n  a n d  s t o r a g e  o f  c o n t r o l  d a t a  a n d  t h e  
r e g u l a t i o n  o f  t h e  d a t a  t o  p r o v i d e  e x p e r i m e n t a l  c o n t r o l  i s  
m i c r o c o m p u t e r  b a s e d .  I t  a f f o r d s  p r e c i s e  a n d  a c c u r a t e  r e g u l a t i o n  
o f  t h e  m a g n e t i c  f i e l d  g r a d i e n t s ,  t h e  r f  s y n t h e s i z e r  a n d  t h e  
s p e c t r o m e t e r  f o r  s p e c t r o s c o p i c  a n d  i m a g i n g  a p p l i c a t i o n s .
F u n d a m e n t a l  t o  t h e  s c i e n c e  o f  NMR i s  t h e  p r e s e n c e  o f  a m a g n e t i c  
f i e l d .  A  d e t a i l e d  s t u d y  o f  t h e  a n a l y s i s  o f  m a g n e t i c  f i e l d  
i n h o m o g e n e i t y  i n  t e r m s  o f  s p h e r i c a l  h a r m o n i c s  i s  p r e s e n t e d .  T h e  
f i e l d  o f  a w h o l e  b o d y  i m a g i n g  s y s t e m  w i t h  p o o r  i n h o m o g e n e i t y  
w a s  m e a s u r e d  a n d  a n a l y z e d  t o  d e t e r m i n e  a n d  d e s c r i b e  t h e  
c o m p o n e n t s  o f  t h e  i n h o m o g e n e i t y .  F i n a l l y  a d e s c r i p t i o n  i s  g i v e n  
o f  t h e  d e s i g n  a n d  a p p l i c a t i o n  o f  p r a c t i c a l  m e t h o d s  f o r  r e d u c i n g  
t h e  d o m i n a n t  i n h o m o g e n e i t i e s .
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1.1 Introduction.
W hen n u c l e i  w i t h  a n o n  z e r o  s p i n  a n g u l a r  momentum a r e  im m e r s e d  
i n  a m a g n e t i c  f i e l d ,  t r a n s i t i o n s  b e t w e e n  n u c l e a r  s p i n  e n e r g y  
l e v e l s  c a n  b e  s t i m u l a t e d  b y  t h e  a p p l i c a t i o n  o f  r a d i o f r e q u e n c y  
( r f )  r a d i a t i o n .  N u c l e a r  m a g n e t i c  r e s o n a n c e  (NMR) i s  t h e  
s p e c t r o s c o p i c  t e c h n i q u e  c o n c e r n e d  w i t h  t h i s  i n t e r a c t i o n .  S i n c e  
t h e  i n i t i a l  i n v e s t i g a t i o n s  ( B l o c h  ( 1 9 4 6 ) ;  B l o c h ,  H a n s e n  a n d  
P a c k a r d  ( 1 9 4 6 ) ;  P u r c e l l ,  T o r r e y  a n d  P o u n d  ( 1 9 4 6 ) )  t h e  t h e o r y  
h a s  b e c o m e  w e l l  e s t a b l i s h e d  a n d  t h e  p r a c t i c a l  t e c h n i q u e s  h a v e  
d e v e l o p e d  i n t o  s o p h i s t i c a t e d  a n a l y t i c a l  t o o l s  w i t h  a p p l i c a t i o n s  
i n  m any s c i e n t i f i c  f i e l d s .
B o t h  c l a s s i c a l  a n d  q u a n tu m  m e c h a n i c a l  d e s c r i p t i o n s  o f  t h e  NMR 
p h e n o m e n o n  a r e  o u t l i n e d  i n  t h i s  c h a p t e r .  T h e  q u a n t u m  m e c h a n i c a l  
e x p l a n a t i o n  i n t r o d u c e s  t h e  t h e o r y  o f  r e s o n a n c e  w h i l e  t h e  
c l a s s i c a l  m o d e l  i s  o f  u s e  i n  t h e  d i s c u s s i o n  o f  d y n a m i c  s y s t e m s .  
E x t e n s i v e  c o v e r a g e  o f  t h e  t h e o r y  i s  a v a i l a b l e  i n  m any t e x t s  
( f o r  e x a m p le  A b r a g a m  ( 1 9 6 1 ) ,  S l i c h t e r  ( 1 9 7 8 ) )  a n d  i s  s u m m a r is e d  
i n  t h i s  c h a p t e r .
T h e  m e c h a n is m s  o f  r e l a x a t i o n  a n d  t h e  m e a s u r e m e n t  
p a r a m e t e r s  c h a r a c t e r i s i n g  t h e m  a r e  d i s c u s s e d
i n t r o d u c t i o n  t o  a p p l i e d  m a g n e t i c  r e s o n a n c e .
o f  t h e  
a s  an
1
1.2 Properties of the Nucleus.
T h e  p o s s e s s i o n  o f  s p i n  a n g u l a r  momentum i s  a f u n d a m e n t a l  
r e q u i r e m e n t  f o r  a n u c l e u s  t o  e x h i b i t  NMR. D i f f e r e n c e s  i n  t h e  
d e t a i l e d  c o n s t r u c t i o n  o f  i n d i v i d u a l  n u c l e i  d e t e r m i n e  w h e t h e r  o r  
n o t  a n u c l e u s  p o s s e s s e s  s u c h  m om entum . T h e  p r o t o n ,  1H , a n d  
n e u t r o n  h a v e  a s p i n  q u a n tu m  n u m b e r  I  o f  i  . T h e  v a l u e  o f  t h e  
s p i n  q u a n t u m  n u m b e r  f o r  n u c l e i  o t h e r  t h a n  1H i s  d e t e r m i n e d  b y  
t h e  m a s s  a n d  c h a r g e  n u m b e r  a c c o r d i n g  t o  T a b l e  1 . 1 .
T a b l e  1 . 1  S p i n  Q u a n tu m  N u m b e r  d e t e r m i n a t i o n  f r o m  M a s s  a n d  
C h a r g e  n u m b e r s .
M a ss  N u m b e r C h a r g e  N u m b e r S p i n  N u m b e r ,  I
ODD ODD or EVEN Half Integer
EVEN EVEN 0
EVEN ODD Integer
N u c l e i  w i t h  I  e q u a l  t o  z e r o  d o  n o t  e x h i b i t  a n y  d i r e c t  NMR 
e f f e c t s ;  T h o s e  w i t h  I  g r e a t e r  t h a n  o n e  h a v e  a n o n - s p h e r i c a l  
c h a r g e  d i s t r i b u t i o n  a n d  a r e s u l t i n g  e l e c t r i c  q u a d r a p o l e  m o m e n t ;
T h e  n u c l e i  m o s t  c o m m o n ly  u s e d  i n  NMR a r e  t h o s e  w i t h  I  = -  .
2
T h e  m a g n i t u d e  o f  t h e  s p i n  a n g u l a r  momentum, P ,  i s  g i v e n  b y  :
P = h I  ( I  + 1) ... (1.1)
w h e r e  h i s  P l a n c k s  c o n s t a n t  d i v i d e d  b y  27t.
A l l  n u c l e i  p o s s e s s  a p o s i t i v e  c h a r g e  a n d  i t  f o l l o w s  t h a t  t h o s e  
p o s s e s s i n g  a s p i n  a n g u l a r  momentum a l s o  h a v e  a m a g n e t i c  d i p o l e  
m o m e n t .  T h i s  m a g n e t i c  moment /u i s  c o l l i n e a r  w i t h  t h e  a n g u l a r
momentum v e c t o r  a n d  r e l a t e d  t o  i t  b y  :
w h e r e  y  i s  t h e  m a g n e t o g y r i c  r a t i o ,  w h i c h  i s  a c o n s t a n t  f o r  a n y  
g i v e n  n u c l e u s .
p  =  yP . . . ( 1 . 2 )
3
Wh en  a  n u c l e u s  w i t h  a  m a g n e t i c  m o m e n t  y  i s  i m m e r s e d  i n  a
u n i f o r m  m a g n e t i c  f i e l d ,  B q ( o r i e n t e d  i n  t h e  z - d i r e c t i o n  o f  a
c a r t e s i a n  c o o r d i n a t e  s y s t e m )  t h e r e  w i l l  b e  a n  i n t e r a c t i o n
b e t w e e n  t h e m .  T h e  m a g n e t i c  m o m e n t  c a n  o n l y  a s s u m e  c e r t a i n
d i s c r e t e  o r i e n t a t i o n s  r e l a t i v e  t o  B . E a c h  o f  t h e s e-o
o r i e n t a t i o n s  c o r r e s p o n d s  t o  a  n u c l e a r  e n e r g y  s t a t e  o r  l e v e l  
g i v e n  b y  :
E =  - y . B  = -1 1  .B . . . ( 1 . 3 )_  _ 0  z 0
w h e r e  y  i s  t h e  z c o m p o n e n t  o f  t h e  m a g n e t i c  m o m e n t  a n d  m a y  b eZ
d e s c r i b e d  b y
y  — tfhm . . .  ( 1 . 4 )z I
T h e  m a g n e t i c  q u a n t u m  n u m b e r  m i s  d e p e n d e n t  o n  t h e  s p i n  q u a n t u m  
n u m b e r ,  I ,  a n d  m a y  t a k e  a n y  o f  2 1  + 1 v a l u e s .  F o r  t h e  p r o t o n ,  
w i t h  I  -  - r t h e r e  w i l l  b e  j u s t  t w o  v a l u e s  f o r  y  g i v i n g  t w o
2 z
o r i e n t a t i o n s  o f  y  c o r r e s p o n d i n g  t o  t w o  e n e r g y  l e v e l s  ( - i y h B Q
a n d  +2yhB.Q) .  T h i s  s e p a r a t i o n  i n t o  d i s c r e t e  e n e r g y  l e v e l s  d u e  t o
t h e  i n t e r a c t i o n  o f  y  w i t h  t h e  m a i n  f i e l d  B i s  k n o w n  a s  Z e e m a n-o
s p l i t t i n g .  T h e  NMR e x p e r i m e n t  i n d u c e s  t r a n s i t i o n s  b e t w e e n  t h e s e  
e n e r g y  l e v e l s  b y  a p p l y i n g  e l e c t r o m a g n e t i c  r a d i a t i o n .  T h e  e n e r g y  
r e q u i r e d ,  AE, i s  g o v e r n e d  b y  t h e  B o h r  c o n d i t i o n
AE = hi? . . . ( 1 . 5 )
w h e r e  v i s  t h e  f r e q u e n c y  o f  t h e  r a d i a t i o n .
S u b s t i t u t i n g  f o r  AE (=  |yfiB | ) a n d  v (=  wq/ 2u)  r e v e a l s
?hB = hw i . e .  t h e  r e s o n a n c e  c o n d i t i o n  o o
*Bo = 0<> ...(1.6)
w h e r e  coq i s  t h e  a n g u l a r  f r e q u e n c y  o f  t h e  a p p l i e d  r a d i a t i o n ,  
l i e s  i n  t h e  r f  p o r t i o n  o f  t h e  e l e c t r o m a g n e t i c  s p e c t r u m .
1.3 The Nuclear Interaction with a Magnetic Field.
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T h e  t e n d e n c y  o f  n u c l e i  t o  f a l l  t o  t h e  l o w e s t  e n e r g y  l e v e l  ( w i t h  
p  a l i g n e d  w i t h  B ) i s  o p p o s e d  b y  t h e r m a l  e n e r g y  w i t h i n  t h ez 0
s y s t e m .  T h e  r e s u l t i n g  e q u i l i b r i u m  d i s t r i b u t i o n  o f  t h e  
p o p u l a t i o n  o f  e a c h  l e v e l  i s  p r e d i c t e d  b y  t h e  B o l t z m a n n  
e q u a t i o n  :
Nupper
= eXPlower
- A E )
I kTJ
. . . ( 1 . 7 )
w h e r e  N i s  t h e  n u m b e r  o f  n u c l e i  a l i g n e d  a g a i n s t  B ( i . e .upper 0
i n  t h e  h i g h e r  e n e r g y  s t a t e )
N i s  t h e  n u m b e r  o f  n u c l e i  a l i g n e d  w i t h  B ( i . e .  i nlower “ 0
t h e  l o w e r  e n e r g y  s t a t e )  
k i s  t h e  B o l t z m a n n  c o n s t a n t
T i s  t h e  a b s o l u t e  t e m p e r a t u r e  o f  t h e  s p i n  s y s t e m
( e q u i l i b r i u m ) .
S u b s t i t u t i n g  f o r  AE :
Nupper
N  = exp
lower kTV.
T h e  e x p o n e n t i a l  c a n  b e  a p p r o x i m a t e d  t o  t h e  f o r m  :
N
... (1.8)
upper yflB
- = 1 - ---- ...(1.9)
lower kT
T h u s  t h e r e  e x i s t s  a  s m a l l  e x c e s s  i n  t h e  l o w e r  e n e r g y  s t a t e  
w h i c h  r e s u l t s  i n  a  n e t  m a g n e t i s a t i o n  i n  t h e  d i r e c t i o n  o f  B q . 
F o r  a  f i e l d  o f  0 . 4 T  a t  3 0 0 K  t h e  r a t i o  i s  1 -  4 . 3 3 6  x  1 0 ~ 7 . T h e  
b u l k  m a g n e t i s a t i o n  f o r  p r o t o n s  i s  g i v e n  b y  ( f o l l o w i n g  A b r a g a m  
( 1 9 6 1 ) )  :
N Tf 2 h 2B
M = -2 2 ... (1.10)
4 k T
w h e r e  N q i s  t h e  ( t o t a l )  n u m b e r  o f  n u c l e i  p e r  u n i t  v o l u m e .
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I t  c a n  b e  s e e n  f r o m  e q n  1 . 1 0  t h a t  t h e  m a g n e t i s a t i o n  i s  
p r o p o r t i o n a l  t o  t h e  s t r e n g t h  o f  a p p l i e d  m a g n e t i c  f i e l d .  An  
i n c r e a s e  i n  s i g n a l  t o  n o i s e  r a t i o  m a y ,  t h e r e f o r e ,  b e  e x p e c t e d  
w i t h  g r e a t e r  f i e l d  s t r e n g t h .
1 . 3 . 1  C l a s s i c a l  A p p r o a c h  t o  N u c l e a r  I n t e r a c t i o n  w i t h  a
M a g n e t i c  F i e l d .
I t  i s  a l s o  p o s s i b l e  t o  a r r i v e  a t  t h e  r e s o n a n c e  c o n d i t i o n  
( e q n  1 . 6 ) f r o m  a  c l a s s i c a l  d e s c r i p t i o n  o f  t h e  m o t i o n  o f  a  
m a g n e t i c  m o m e n t  i m m e r s e d  i n  a  m a g n e t i c  f i e l d  :
A t  e q u i l i b r i u m  a .  m a g n e t i c  m o m e n t  ( o r  s p i n ) ,  y ,  l i e s  a t  a n
a n g l e  0  w i t h  r e s p e c t  t o  t h e  m a i n  f i e l d  B q . T h e  m a g n e t i c
i n t e r a c t i o n  b e t w e e n  y  a n d  B q g e n e r a t e s  a  t o r q u e  w h i c h  t e n d s  t o
t i p  t h e  m o m e n t  t o w a r d s  B .^ -o
F i g  1 . 1  T h e  p r e c e s s i o n  o f  a  m a g n e t i c  m o m e n t ,  y ,  a r o u n d  t h e  
B q f i e l d  a t  c o n s t a n t  a n g l e  e .
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The torque is given by
L =  y  B . . . ( 1 . 1 1 )_  A _°
B e c a u s e  t h e  m o m e n t  i s  s p i n n i n g  t h e  m a g n e t i c  i n t e r a c t i o n  c a u s e s  
i t  t o  p r e c e s s  a r o u n d  t h e  m a g n e t i c  f i e l d  r a t h e r  t h a n  r e d u c e  t h e  
a n g l e  0  ( F i g .  1 . 1 ) .  T h e  r a t e  o f  c h a n g e  o f  a n g u l a r  m o m e n t u m  c a n  
b e  e q u a t e d  t o  t h i s  t o r q u e  :
dP
faqr — P- B . . .  ( 1 . 1 2 )d t  _  A _o
S i n c e  t h e  a n g u l a r  m o m e n t u m  i s  p r o p o r t i o n a l  t o  t h e  m a g n e t i c  
m o m e n t  ( e q n  1 . 2 )  a  s u b s t i t u t i o n  f o r  P g i v e s  a n  e x p r e s s i o n  f o r  
t h e  i n t e r a c t i o n  j u s t  i n  t e r m s  o f  t h e  m a g n e t i c  m o m e n t  :
_  n A y Bn . . .  ( 1 . 1 3 )
at " - A -°
T h e  p r e c e s s i o n a l  m o t i o n  o f  p  i s  g i v e n  b y  :
...(1.14)
d t  -  A - °
w h e r e  i s  t h e  a n g u l a r  v e l o c i t y  o f  t h e  r o t a t i o n .
B y  c o m p a r i n g  t h e s e  t w o  e x p r e s s i o n s  f o r  t h e  m o t i o n  o f  t h e  
m a g n e t i c  m o m e n t ,  i t  i s  s e e n  t h a t
= tfB0 . . . ( 1 . 1 5 )
a s  b e f o r e  ( e q n  1 . 6 ) .
I f  a  s m a l l  m a g n e t i c  f i e l d ,  B , i s  p l a c e d  a t  r i g h t  a n g l e s  t o  B q 
a n d  m a d e  t o  r o t a t e  a r o u n d  a r o u n d  t h e  z - a x i s  a t  f r e q u e n c y  
t h e n  t h e  m a g n e t i c  m o m e n t  p w i l l  i n t e r a c t  w i t h  t h e  r e s u l t a n t  o f  
B q a n d  B . T h i s  h a s  t h e  e f f e c t  o f  c h a n g i n g  t h e  p r e c e s s i o n  a n g l e  
a n d  ( f r o m  e q n  1 . 3 )  t h e  e n e r g y  w i t h i n  t h e  s p i n  s y s t e m .  I n  
p r a c t i c e  t h e  r o t a t i n g  B f i e l d  i s  p r o v i d e d  b y  p a s s i n g  a n
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a l t e r n a t i n g  r f  c u r r e n t  t h r o u g h  a  c o i l  t h a t ,  u s u a l l y ,  s u r r o u n d s  
t h e  s a m p l e .  I f  t h e  a x i s  o f  t h e  c o i l  l i e s  a l o n g  t h e  x - a x i s  t h e n  
i t s  f i e l d
B ( t )  =  2B c o s u  t  . . . ( 1 . 1 6 )_ x —1 0
m a y  b e  a n a l y s e d  i n  t e r m s  o f  t w o  e q u a l  f i e l d s  b o t h  r o t a t i n g  i n  
t h e  x - y  p l a n e  -  o n e  c l o c k w i s e  t h e  o t h e r  a n t i c l o c k w i s e .
T h e s e  t w o  f i e l d s  c a n  b e  d e s c r i b e d  t h u s  :
B =  B ( i c o s o  t  + j s i n w  t )-r -l — o —  o
a n d  B = B ( i c o s u  t  - j s i n w  t )  . . . ( 1 . 1 7 )
— L _ 1 —  0 —  0
w h e r e  i  a n d  j  a r e  u n i t  v e c t o r s  a l o n g  t h e  x  a n d  y  a x e s  
r e s p e c t i v e l y .
O n e  o f  t h e s e  r o t a t e s  a r o u n d  B i n  t h e  s a m e  s e n s e  a s  t h e-o
p r e c e s s i n g  m a g n e t i c  m o m e n t s  a n d  i s  u s u a l l y  d e s i g n a t e d  a s  B . I f  
B^ r o t a t e s  a t  a n y  f r e q u e n c y  o t h e r  t h a n  t h e n  i t  w i l l  b e
a l t e r n a t e l y  i n  p h a s e  a n d  o u t  o f  p h a s e  w i t h  t h e  r o t a t i o n  o f  p .  
C o n s e q u e n t l y  t h e r e  w i l l  b e  n o  n e t  a b s o r p t i o n  o f  e n e r g y .
F i g  1 . 2  T h e  a p p l i c a t i o n  o f  B^ r o t a t i n g  a t  t h e  r e s o n a n c e  
f r e q u e n c y  i n  t h e  x - y  p l a n e .
T h e  a b s o r p t i o n  o f  e n e r g y  i s  a  r e s o n a n c e  p h e n o m e n o n  i n  t h e  
c l a s s i c a l  s e n s e  o c c u r r i n g  o n l y  w h e n  B i s  t u n e d  t o  t h e  n a t u r a l  
p r e c e s s i o n a l  f r e q u e n c y  o f  t h e  s p i n s .  T h u s  t h e  c o m p o n e n t  o f  t h e  
o s c i l l a t i n g  f i e l d  B ^ ( t )  t h a t  r o t a t e s  w i t h  f r e q u e n c y  i s  2 wq
o f f - r e s o n a n c e  a n d  w i l l  h a v e  a  n e g l i g i b l e  e f f e c t  o n  t h e  e n e r g y  
o f  t h e  s p i n  s y s t e m .
1 . 3 . 2  T h e  R o t a t i n g  F r a m e .
T h e  e f f e c t s  o f  b o t h  t h e  s t a t i c  a n d  t i m e  d e p e n d e n t  f i e l d s  o n  t h e  
m o t i o n  o f  a  s p i n ,  y f o r  t h e  b u l k  m a g n e t i s a t i o n ,  M, o f  a  
c o l l e c t i o n  o f  s p i n s  c a n  b e  v e r y  c o m p l i c a t e d .  T h e  p r o b l e m s  o f  
u n d e r s t a n d i n g  a n d  a n a l y s i n g  t h e  b e h a v i o u r  o f  t h e s e  i n t e r a c t i v e  
s y s t e m s  c a n  o f t e n  b e  a m e l i o r a t e d  b y  c o n s i d e r i n g  t h e m  i n  a  
r o t a t i n g  f r a m e  o f  r e f e r e n c e .  T h e  r e f e r e n c e  f r a m e  i s  u s u a l l y  
c h o s e n  s u c h  t h a t  t h e  r o t a t i o n  i s  a r o u n d  t h e  z - a x i s  ( d e f i n e d  b y  
t h e  B ) f i e l d  a t  t h e  p r e c e s s i o n a l ,  o r  L a r m o r ,  f r e q u e n c y  o f  t h e  
s p i n s ,  I f  t h e  b u l k  m a g n e t i s a t i o n  i s  c o n s i d e r e d  a s  t h e
v e c t o r  s u m  o f  a l l  t h e  i n d i v i d u a l  s p i n s
M = ...(1.18)
t h e n ,  f r o m  t h e  c l a s s i c a l  d e s c r i p t i o n  o f  t h e  m o t i o n  o f  a  s p i n
( e q n  1 . 1 3 ) ,  t h e  m o t i o n  o f  t h e  b u l k  m a g n e t i s a t i o n  a t  e q u i l i b r i u m
m a y  b e  g i v e n  b y  :
dM- o  *M B . . . ( 1 . 1 9 )
d t  - °  A - °
I t  c a n  b e  s h o w n  t h a t  t h e  t r a n s f o r m a t i o n  t o  t h e  r e f e r e n c e  f r a m e  
r o t a t i n g  a t  f r e q u e n c y  g i v e s  :
- “„A Mo ...(1.20)
f dM ] r dM )—o — —o
d tV rot d tV. J fixed
h e n c e
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dM )—o
d t
=?M A (B + -/?)0 A 0 rot — —
. . . (1.21)
T h e  t e r m  - / y  a r i s e s  f r o m  t h e  e f f e c t s  o f  r o t a t i o n  
E q n  1 . 2 1  m a y  b e  w r i t t e n
f dM ] —o
d t
=yM B0 A ef f  rot — —
...(1.22)
w h e r e  t h e  e f f e c t i v e  f i e l d  B e q u a l s  B + - / y .e f f  0 0
E q n  1 . 2 2  d e s c r i b e s  t h e  r o t a t i o n  o f  M a b o u t  t h e  e f f e c t i v e  f i e l do
B i n  t h e  r o t a t i n g  f r a m e .  F o r  a  s y s t e m  w h e r e  t h e  o n l y  f i e l d  
B q a n d  t h e  r o t a t i n g  r e f e r e n c e  f r a m e  r o t a t e s  a tp r e s e n t  i s
0) = w -o - y B  t h e  e f f e c t i v e  f i e l d  w i l l  b e  “0
B = B +e f f  0
0)
/ 'I f  -  B -  yB , =  0o o / y . . . ( 1 . 2 3 )
a n d  t h e  m a g n e t i s a t i o n  Mq i s  m o t i o n l e s s  i n  t h i s  r e f e r e n c e  f r a m e .  
F i n a l l y  t h e  e f f e c t  o f  a n  a d d i t i o n a l  f i e l d  B r o t a t i n g  i n  t h e  
x - y  p l a n e  c a n  n o w  b e  r e c o n s i d e r e d  i n  t h e  r o t a t i n g  f r a m e  : A t
t h e  L a r m o r  f r e q u e n c y  B e q u a l s  B . B r o t a t e s  a r o u n d  t h e
z - a x i s  a t  t h e  s a m e  f r e q u e n c y  a s  t h e  r o t a t i n g  f r a m e  a n d
t h e r e f o r e  m a y  b e  a r b i t r a r i l y  a s s i g n e d  t o  l i e  a l o n g  t h e  x ' a x i s  
( i . e .  t h e  r o t a t i n g  x - a x i s ) . Mq w i l l  p r e c e s s  a r o u n d  t h i s  a x i s  i n  
t h e  y ' - z '  p l a n e  a t  a n  a n g u l a r  f r e q u e n c y  g i v e n  b y  yErf ( F i g  1 . 3 )  . 
S o  u s i n g  t h e  r o t a t i n g  f r a m e  i t  i s  p o s s i b l e  t o  s i m p l i f y  t h e  
d e s c r i p t i o n  o f  t h e  c o m p l e x  m o t i o n  o f  t h e  m a g n e t i s a t i o n  i n  t h e
p r e s e n c e  o f  s t a t i c  a n d  t i m e  d e p e n d e n t  f i e l d s .
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F i g  1 . 3 P r e c e s s i o n  o f  M a b o u t  t h e  B f i e l d  i n  t h e_° -1 
r o t a t i n g  f r a m e .
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1.4 Relaxation Theory and Mechanisms of Relaxation.
S o  f a r  n o  a c c o u n t  h a s  b e e n  m a d e  o f  t h e  m e c h a n i s m  f o r  t h e  
e s t a b l i s h m e n t  o f  t h e  e q u i l i b r i u m  m a g n e t i s a t i o n  o r  t h e  t e m p o r a l  
d e v e l o p m e n t  o f  Mq f o l l o w i n g  i t s  p e r t u r b a t i o n  b y  a n  a p p l i e d  r f  
f i e l d .  To p r e s e n t  a  m o r e  c o m p l e t e  p i c t u r e  o f  t h e  f u n d a m e n t a l s  
o f  NMR t h e  t h e o r y  a n d  t h e  m e c h a n i s m s  o f  r e l a x a t i o n  m u s t  f i r s t  
b e  u n d e r s t o o d .
I n  o r d e r  t h a t  t h e  b u l k  e q u i l i b r i u m  s p i n  d i s t r i b u t i o n  ( e q n  1 . 9 )  
c a n  a r i s e  i n  a  p r e v i o u s l y  u n m a g n e t i s e d  s a m p l e  o f  s p i n s  t h a t  i s  
i m m e r s e d  i n  a  s t a t i c  f i e l d  t h e r e  m u s t  e x i s t  a  m e c h a n i s m  t h a t  
e n a b l e s  t r a n s i t i o n s  f r o m  t h e  u p p e r  t o  t h e  l o w e r  e n e r g y  s t a t e .  
I n  t h e r m o d y n a m i c  t e r m s  t h i s  e n e r g y  r e l e a s e  i s  e q u i v a l e n t  t o  a  
t r a n s f e r  o f  h e a t .  C o n s e q u e n t l y  t h e r e  m u s t  a l s o  e x i s t  a  s y s t e m  
w h i c h  w i l l  a c c e p t  t h i s  e n e r g y .  I n d e e d  i t  c a n  b e  a s s u m e d  t h a t  
t h e  h e a t  f l o w  c o n t i n u e s  u n t i l  t h e  s p i n  d i s t r i b u t i o n  c o r r e s p o n d s  
t o  t h e  t e m p e r a t u r e  o f  t h e  s y s t e m  t o  w h i c h  t h e  e n e r g y  i s  g i v e n .  
T h e  e q u i l i b r i u m  d i s t r i b u t i o n  i s  g i v e n  b y  :
Nupper
( e q n  1 . 7 )  ^ -------- = e x p
lower
- A E
kT
T h e  s y s t e m  t o  w h i c h  e n e r g y  i s  g i v e n  u p  i s  r e f e r r e d  t o  a s  t h e  
l a t t i c e .
F o r  t h i s  e q u i l i b r i u m  d i s t r i b u t i o n  t o  m a t e r i a l i s e  t h e  r a t i o  o f  
p r o b a b i l i t i e s  o f  u p w a r d  a n d  d o w n w a r d  e n e r g y  t r a n s i t i o n  i s  a l s o  
g i v e n  b y  t h e  B o l t z m a n n  d i s t r i b u t i o n ,  i . e .
wv =  e x pw
•AE
kT . . . ( 1 . 2 4 )
w h e r e  wA a n d  wv a r e  t h e  u p w a r d  a n d  d o w n w a r d  t r a n s i t i o n  
p r o b a b i l i t i e s .
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T h e  d i s t r i b u t i o n  c a n  b e  d y n a m i c a l l y  d e s c r i b e d  b y  t h e  
f o l l o w i n g  :
dN - d N _
 1 =    =  N Wv -  N WA . . . ( 1 . 2 5 )
d t  d t
w h e r e  N + i s  t h e  p o p u l a t i o n  i n  t h e  l o w e r  e n e r g y  s t a t e  a n d  N 
t h a t  i n  t h e  h i g h e r .
B y  m a k i n g  t h e  s u b s t i t u t i o n s  f r o m  N = N+ + N ( i . e .  t h e  t o t a l  
s p i n  p o p u l a t i o n )  a n d  n  =  N+ -  N_ ( i . e .  t h e  p o p u l a t i o n  
d i f f e r e n c e )  t h e  r a t e  o f  g r o w t h  o f  t h e  p o p u l a t i o n  d i f f e r e n c e  c a n  
b e  w r i t t e n  a s  :
~  =  N (Wv -  WA) -  n (Wv + WA) . . . ( 1 . 2 6 )
o r
. n  - n
°___  ( 1  2 7 )d t  T . . . U . z / )l
fWA-W vjw h e r e  n p e q u a l s  | Ta7x/_ Ta7A | a n d  r e p r e s e n t s  t h e  p o p u l a t i o n
d i f f e r e n c e  a t  t h e r m a l  e q u i l i b r i u m ;  a n d  1 / T  e q u a l s  (WA -  Wv) . 
T h e  s o l u t i o n  t o  t h i s  d i f f e r e n t i a l  e q u a t i o n  i s ,  i n  t h i s  c a s e ,
n  =  n Q ( 1 - e x p  ( t / T i ) ) . . . ( 1 . 2 8 )
T h a t  i s  t h e  g r o w t h  t o w a r d s  t h e  e q u i l i b r i u m  d i s t r i b u t i o n  f o r  a n  
i n i t i a l l y  u n m a g n e t i s e d  s y s t e m  i s  e x p o n e n t i a l  a n d  i s  
c h a r a c t e r i s e d  b y  T -  t h e  ' s p i n  l a t t i c e  r e l a x a t i o n  t i m e ' .  
F u r t h e r  t o  t h i s ,  i f  a  s p i n  s y s t e m  a t  t h e r m o d y n a m i c  e q u i l i b r i u m  
i s  d i s t u r b e d  b y  t h e  c o n t i n u o u s  a p p l i c a t i o n  o f  a n  a l t e r n a t i n g  
f i e l d  t h e n  t h e r e  a r e  t w o  c o m p e t i n g  p r o c e s s e s  : T h e  t r a n s i t i o n s  
b e t w e e n  t h e  t w o  s p i n  s t a t e s  d u e  t o  t h e  a p p l i e d  f i e l d  (Wu a n d  
Wd) l e a d  t o  a  c h a n g e  i n  t h e  p o p u l a t i o n  d i s t r i b u t i o n  d e s c r i b e d
F r o m  t i m e  d e p e n d e n t  p e r t u r b a t i o n  t h e o r y  i t  c a n  b e  s h o w n  t h a t  
t h e  p r o b a b i l i t i e s  o f  u p w a r d  a n d  d o w n w a r d  t r a n s i t i o n s  b e t w e e n  
t h e s e  s t a t e s  a r e  i d e n t i c a l  ( S c h i f f  ( 1 9 6 8 )  p 4 0 1 )  a n d  
s u b s t i t u t i n g  f o r  Wd = Wu = W :
a n d  u s i n g  t h e  r e l a t i o n s h i p s  N = N + + N a n d  n  =  N+ -  N ( a s  
b e f o r e )  r e v e a l s  :
n Q i s  t h e  e q u i l i b r i u m  p o p u l a t i o n  d i f f e r e n c e .
T h i s  s u g g e s t s  t h a t  t h e  p o p u l a t i o n  d i f f e r e n c e  w o u l d  e v e n t u a l l y  
d i s a p p e a r  u n d e r  t h e  i n f l u e n c e  o f  t h e  a p p l i e d  f i e l d .  H o w e v e r ,  
t h e  t w o  e q u a t i o n s  f o r  t h e  r a t e  o f  c h a n g e  o f  t h e  p o p u l a t i o n  
( 1 . 2 7  a n d  1 . 3 1 )  c a n  b e  c o m b i n e d  t o  f i n d  t h e  r a t e  f o r  a  s y s t e m  
u n d e r  t h e  i n f l u e n c e  o f  b o t h  s t a t i c  a n d  a p p l i e d  a l t e r n a t i n g  
f i e l d s  :
i t  i s  o b v i o u s  t h a t  f o r  2 T^W « 1  t h e  e q u i l i b r i u m  d i s t r i b u t i o n
r e m a i n s  l a r g e l y  u n c h a n g e d .
F i n a l l y  i t  c a n  b e  s h o w n  t h a t  a s  t h e  p o w e r  i n  t h e  a p p l i e d  f i e l d  
i s  i n c r e a s e d  t h e  e n e r g y  a b s o r b e d  i n c r e a s e s  b u t  o n l y  w h i l e  2 WT  ^
r e m a i n s  n e g l i g i b l e  : ( S l i c h t e r  ( 1 9 7 8 )  ) T h e  a b s o r p t i o n  o f  e n e r g y
i s  c a l c u l a t e d  f r o m  t h e  d i f f e r e n c e  i n  t h e  t o t a l  n u m b e r  o f  u p w a r d
dN
. . . ( 1 . 3 0 )
. . .  ( 1 . 3 1 )
w i t h  t h e  s o l u t i o n
n  =  n Qe x p ( - 2 Wn) . . .  ( 1 . 3 2 )
d n
d t
n  - n  o
2 Wn . . .  ( 1 . 3 3 )T i
F r o m  t h e  s t e a d y  s t a t e  s o l u t i o n  t o  t h i s  e q u a t i o n
n o . . .  ( 1 . 3 4 )1 + 2T Wl
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and downward transitions i.e.
dE = (N+W - N_W) ho
=  nWho . . .  ( 1 . 3 5 )
K n o w i n g  n  ( e q n  1 . 3 4 )  g i v e s
n  hwW dE _  o
d t  “  1+2WT l
. . . ( 1 . 3 6 )
f r o m  w h i c h  i t  c a n  b e  s e e n  t h a t  a s  W i n c r e a s e s ,  a p p r o a c h i n g .  
1 / 2 T  , t h e  r a t e  o f  c h a n g e  o f  e n e r g y  w i l l  l e v e l  o f f  d e s p i t e  
f u r t h e r  i n c r e a s e  i n  t h e  a p p l i e d  p o w e r .  T h i s  i m p o r t a n t  e f f e c t  i s  
c a l l e d  s a t u r a t i o n .
I n  t h e  c l a s s i c a l  p i c t u r e  T i s  t h e  c h a r a c t e r i s t i c  t i m e  c o n s t a n t  
a s s o c i a t e d  w i t h  t h e  g r o w t h  o f  t h e  z c o m p o n e n t  o f  t h e  b u l k  
m a g n e t i s a t i o n  t o w a r d s  M . T h e r e  a r e  a l s o  i n t e r a c t i o n s  d u e  t o  
t h e  p r o x i m i t y  b e t w e e n  n e i g h b o u r i n g  s p i n s  w h i c h  m a y  a f f e c t  t h e  
l o c a l  c o n d i t i o n s .  T h e  c o n t r i b u t i o n  t o  t h e  f i e l d  e x p e r i e n c e d  b y  
a  m a g n e t i c  m o m e n t  p  b y  a n  i d e n t i c a l  n e i g h b o u r  a t  a  d i s t a n c e  r  
i s  p r o p o r t i o n a l  t o  p / r 3 . A n y  g i v e n  s p i n  w i l l  e x p e r i e n c e  t h i s  
c o n t r i b u t i o n  f r o m  e a c h  o f  i t s  n e i g h b o u r s .  A s  e a c h  c o n t r i b u t i o n
m a y  i n c r e m e n t  o r  d e c r e m e n t  t h e  l o c a l  f i e l d  d e p e n d i n g  o n  t h e
o r i e n t a t i o n  o f  t h e  n e i g h b o u r i n g  s p i n  i t  b e c o m e s  o b v i o u s  t h a t  
n o t  a l l  n u c l e i  i n  a  b u l k  ( h o m o g e n o u s )  s a m p l e  e x p e r i e n c e  t h e  
s a m e  f i e l d .  I n  q u a n t u m - m e c h a n i c a l  t e r m s  t h e  r e s u l t  i s  a  
v a r i a t i o n  i n  t h e  s p i n  e n e r g y  l e v e l s .  T h i s  l e a d s  t o  a  s p r e a d  i n  
t h e  r e s o n a n t  f r e q u e n c i e s  o f  t h e  s p i n s  w i t h i n  t h e  s a m p l e .  I f  t h e  
b u l k  m a g n e t i s a t i o n  i s  t i p p e d  s u c h  t h a t  i t  h a s ,  i n  t h e  x ' - y '  
p l a n e  ( r o t a t i n g  f r a m e ) , o n l y  a  c o m p o n e n t  a l o n g  t h e  y '  a x i s  t h e n  
t h e  l o c a l  f i e l d  c o n t r i b u t i o n s  w i l l  l e a d  t o  a  d e p h a s i n g  o f  t h e  
s p i n s  u n t i l  e v e n t u a l l y  t h e i r  r e m a i n s  n o  n e t  c o m p o n e n t  o f  t h e  
o r i g i n a l  m a g n e t i s a t i o n .  T h i s  d e c a y  i n  t h e  ' t r a n s v e r s e '  
c o m p o n e n t  o f  M d u e  t o  t h e  i n t e r a c t i o n  b e t w e e n  s p i n s  i s
c h a r a c t e r i s e d  b y  a  t i m e  c o n s t a n t ,  T , a n d  i s  k n o w n  a s  t h e
' s p i n - s p i n  ( o r  t r a n s v e r s e )  r e l a x a t i o n  t i m e ' .
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Mechanisms of Relaxation.
I n  l i q u i d s  w i t h  s p i n  ^ t h e  p r i n c i p l e  p r o c e s s e s  t h a t  c o n t r i b u t e  
t o  r e l a x a t i o n  i n v o l v e  f l u c t u a t i n g  m a g n e t i c  f i e l d s  i n  t h e  s a m p l e  
d u e  t o  m o l e c u l a r  m o t i o n .  T h e s e  f l u c t u a t i o n s  h a v e  t h r e e  m a i n  
c o n t r i b u t o r s  :
I .  F i e l d s  a r i s i n g  f r o m  t h e  m a g n e t i c  m o m e n t s  o f  n e i g h b o u r i n g  
n u c l e i  -  t h e  ' d i p o l e - d i p o l e '  i n t e r a c t i o n ;
I I .  F i e l d s  a r i s i n g  f r o m  a n  a n i s o t r o p y  i n  t h e  ' s h i e l d i n g '
p r o d u c e d  b y  o r b i t i n g  e l e c t r o n s  -  t h e  c h e m i c a l  s h i f t ;
I I I .  F i e l d s  f r o m  p a r a m a g n e t i c  m a t e r i a l s  w i t h i n  t h e  s a m p l e .
T h e s e  f l u c t u a t i n g  f i e l d s  c a n  i n t e r a c t  w i t h  t h e  m a g n e t i s a t i o n  M
i n  a  m a n n e r  s i m i l a r  t o  t h a t  o f  t h e  a p p l i e d  r f  f i e l d  d e s c r i b e d
i n  s e c t i o n  1 . 3 .  A f l u c t u a t i n g  c o m p o n e n t  i n  t h e  x  d i r e c t i o n  a t
t h e  r e s o n a n c e  f r e q u e n c y  i . e .  s t a t i c  a l o n g  x '  i n  t h e  r o t a t i n g
f r a m e  w i l l  i n t e r a c t  w i t h  t h e  M a n d  M c o m p o n e n t s  o f  M.
y z
S i m i l a r l y  a  f l u c t u a t i n g  f i e l d  a l o n g  t h e  y - a x i s  ( s t a t i c  a l o n g
y ' )  i n t e r a c t s  w i t h  ( a n d  p r o v i d e s  a  r e l a x a t i o n  m e c h a n i s m  f o r )  M
a n d  M c o m p o n e n t s ;  i . e .  t h e s e  c o n t r i b u t e  t o  b o t h  T a n d  T z r  1 2
r e l a x a t i o n .  An i n t e r a c t i n g  f i e l d  c o m p o n e n t  a l o n g  t h e  z - a x i s  
p r o v i d e s  r e l a x a t i o n  f o r  M a n d  M , i . e .  c o n t r i b u t i n g  o n l y  t o  TX Y 2
r e l a x a t i o n .
T h e  f r e q u e n c i e s  o f  m o l e c u l a r  m o t i o n s  w i t h i n  a  l i q u i d  a r e  f a s t
c o m p a r e d  w i t h  t h e  p r e c e s s i o n a l  f r e q u e n c i e s .  O n l y  t h e  r e l a t i v e l y
s l o w  r o t a t i o n a l  m o t i o n  h a s  a  s i m i l a r  r a t e  a n d  c o n s e q u e n t l y
c o n t r i b u t e s  t o  t h e  T^ a n d  r e l a x a t i o n .  V e r y  l o w  f r e q u e n c y
i n t e r a c t i o n s  c o n t r i b u t e  o n l y  t o  T r e l a x a t i o n .  I t  i s  t h e s e  l o w2
f r e q u e n c y  i n t e r a c t i o n s ,  i n c l u d i n g  d i f f u s i o n  a n d  c h e m i c a l
e x c h a n g e ,  w h i c h  c a u s e  T t o  b e  s h o r t e r  t h a n  T .2 1
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T h e  e f f e c t i v e n e s s  o f  t h e  f l u c t u a t i n g  f i e l d s ,  d u e  t o
n e i g h b o u r i n g  n u c l e a r  d i p o l e s ,  a t  c a u s i n g  r e l a x a t i o n  i s  
d e p e n d a n t  o n
I .  T h e  m a g n i t u d e  o f  t h e  n u c l e a r  m o m e n t s ;
I I .  T h e  p r o x i m i t y  o f  t h e  n u c l e i ;
I I I .  T h e  f r e q u e n c y  d i s t r i b u t i o n  o f  t h e  m o l e c u l a r  m o t i o n s .
The Nuclear Magnetic Dipole Interactions.
B l o e m b e r g e n  e t  a l .  f i r s t  p r o p o s e d  t h e  l i n k  b e t w e e n  m o l e c u l a r  
m o t i o n  a n d  (T ) r e l a x a t i o n  ( ' T h e  BPP t h e o r y '  -  B l o e m b e r g e n ,
P u r c e l l  a n d  P o u n d  ( 1 9 4 8 ) ) .  T h e y  i n t r o d u c e d  t h e  i d e a  o f  a
c o r r e l a t i o n  t i m e  t a s  a  m e a s u r e  o f  t h e  a v e r a g e  t i m e  t h a t  t w oC
n u c l e i  r e m a i n  i n  a  g i v e n  r e l a t i v e  o r i e n t a t i o n .  T h i s  c o n c e p t  c a n  
b e  a p p l i e d  t o  t r a n s l a t i o n a l  m o t i o n ,  a n d  r o t a t i o n a l  m o t i o n  w h e r e  
i s  a p p r o x i m a t e l y  t h e  t i m e  f o r  a  d i p o l e  t o  r o t a t e  t h r o u g h  a n  
a n g l e  o f  o n e  r a d i a n .  T h e  BPP t h e o r y  s h o w s  t h a t
- 2r T
± <X ---------------------2--------- + ----------------2---------- . . . ( 1 . 3 7 )
T 1 a.  a 2 2 1 2 21 l+4w T 1+W T
o c o c
2
F o r  r a p i d  d i p o l e  m o t i o n  1 / t » a n d
I  oc T  . . . ( 1 . 3 8 )I c1
2
b u t  f o r  m u c h  s l o w e r  m o t i o n  1 / t  « w a n dc 0
. .  ( 1 . 3 9 )
T h e  m o s t  e f f e c t i v e  s p i n  l a t t i c e  r e l a x a t i o n  o c c u r s  w h e n  t h e  
c o r r e l a t i o n  t i m e  i s  g i v e n  b y
x = 1 /a )  . . .  ( 1 . 4 0 )G 0
T h e  d e p e n d e n c e  o f  T o n  t c o i n c i d e s  w i t h  T o n l y  f o r  s h o r t  r  .
2 c 1 c
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T h e  l o c a l  s t a t i c  f i e l d  c o n t r i b u t i o n s  f r o m  a  n e i g h b o u r i n g  
m a g n e t i c  m o m e n t ,  p ,  a t  a  d i s t a n c e  r  i s
B = ( 3 c o s * e  -  1)loc — . . . ( 1 . 4 1 )
0  i s  t h e  a n g l e  b e t w e e n  t h e  v e c t o r  j o i n i n g  t h e  t w o  n u c l e i  a n d  
t h e  s t a t i c  f i e l d  B . T h e  r a p i d  r a n d o m  m o t i o n  a s s o c i a t e d  w i t h  
s h o r t  c o r r e l a t i o n  t i m e s  r e d u c e s  t h e  l o c a l  f i e l d  c o n t r i b u t i o n  t o  
z e r o  s i n c e  t h e  a v e r a g e  v a l u e  o f  e l e a v e s  c o s  e  = 1 / 3 .  F o r  l o n g  
c o r r e l a t i o n  t i m e s  ( s l o w  d i p o l e  m o t i o n s )  t h e  c o n t r i b u t i o n  t o  t h e  
l o c a l  f i e l d  i n c r e a s e s ,  l e a d i n g  t o  s h o r t e r  T v a l u e s .  I n  t h e  
' r i g i d  l a t t i c e '  l i m i t  w h e r e  e i s  f i x e d  t h e  l o c a l  f i e l d
10-15 -11
F i g  1 . 4  T h e  v a r i a t i o n  o f  T a n d  T1 2
f o l l o w i n g  t h e  s i m p l i f i e d  BPP t h e o r y .  
P u r c e l l  a n d  P o u n d  ( 1 9 4 8 ) )
10-3lO lO
T ( s e c o n d s )e
w i t h  c o r r e l a t i o n  t i m e  x  ,
( B l o e m b e r g e n ,
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c o n t r i b u t i o n s  c a n  b e  l a r g e  ( a  p r o t o n  a t  1 0 -10m c o n t r i b u t e s
a p p r o x i m a t e l y  1 . 4  m T ) . S i n c e  t h e r e  w i l l  e x i s t  a  r a n d o m
c o n t r i b u t i o n  t o  t h e  l o c a l  f i e l d  ( f r o m  a l l  n e a r  n e i g h b o u r s  a t  
v a r i o u s  e s )  t h e r e  r e m a i n s  a  s p r e a d  o f  l o c a l  f i e l d s  c o n t r i b u t i n g  
t o  r a p i d  T 2 r e l a x a t i o n .
T h e  C h e m i c a l  S h i f t  A n i s o t r o p y .
T h e  c h e m i c a l  s h i f t  e f f e c t  i s  t h e  t e r m  g i v e n  t o  d e s c r i b e  t h e  
s l i g h t  s h i f t  i n  r e s o n a n t  f r e q u e n c y  o f  a  n u c l e a r  s p e c i e s  b y  i t s  
l o c a l  e n v i r o n m e n t .  T h e  f r e q u e n c y  s h i f t  i s  t h e  r e s u l t  o f  a  
c h a n g e  i n  l o c a l  f i e l d  p r o d u c e d  b y  t h e  e l e c t r o n  c l o u d  s h i e l d i n g  
t h e  n u c l e u s  f r o m  t h e  a p p l i e d  f i e l d .  T h e  m o t i o n  o f  t h e  e l e c t r o n s  
i s  i n f l u e n c e d  b y  t h e  a p p l i e d  f i e l d  a n d ,  f o l l o w i n g  L e n z ' s  l a w ,  
t h e  m o t i o n  i s  s u c h  t h a t  t h e  a p p l i e d  f i e l d  i s  r e d u c e d .
B = B -  <rBn u c l e u s  0 0
= B q ( 1 -  cr) . . .  ( 1 . 4 2 )
cr i s  a  ' s h i e l d i n g  f a c t o r '  a n d  i s  v e r y  s m a l l  ( o f  t h e  o r d e r  o f
“* 5
1 0  f o r  p r o t o n s ) .
T h e  m a g n i t u d e  o f  cr d e p e n d s  o n  t h e  o r i e n t a t i o n  o f  t h e  m o l e c u l e  
o f  w h i c h  t h e  n u c l e u s  i s  a  p a r t .  I n  r a p i d l y  m o v i n g  m o l e c u l e s  t h e  
n u c l e u s  e x p e r i e n c e s  a n  ' a v e r a g e '  v a l u e  f o r  cr. T h e  a n i s o t r o p y  i n  
cr h o w e v e r  m a y  c o n t r i b u t e  a  r e l a x a t i o n  m e c h a n i s m  s i n c e  t h e  f i e l d  
a t  t h e  n u c l e u s  f l u c t u a t e s  a s  t h e  m o l e c u l e  t u m b l e s .  I n  p r o t o n s  
t h i s  i s  a  r e l a t i v e l y  u n i m p o r t a n t  r e l a x a t i o n  m e c h a n i s m  s i n c e  t h e  
c h e m i c a l  s h i f t  i s  s m a l l .
P a r a m a g n e t i c  M a t e r i a l  C o n t r i b u t i o n s .
T h e  p r e s e n c e  o f  p a r a m a g n e t i c  s u b s t a n c e s  w i t h i n  t h e  s a m p l e  c a n  
g r e a t l y  e n h a n c e  t h e  r e l a x a t i o n .  T h i s  e f f e c t  i s  e x p l o i t e d  i n  
s o m e  m e d i c a l  a p p l i c a t i o n s  u s i n g  ( m o s t  c o m m o n l y )  g a d o l i n i u m  
d i e t h y l e n e  t r i a m i n e  p e n t a a c e t i c  a c i d  (G d -D T P A )  ( G a d i a n  e t  a l .  
( 1 9 8 5 ) )  a n d  i n  p h a n t o m  s t u d i e s  b y  u s i n g  s o l u t i o n s  o f  c o p p e r
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s u l p h a t e  o r  m a n g a n e s e  c h l o r i d e .  T h e  r e l a x a t i o n  e n h a n c e m e n t  i s  
d u e  t o  t h e  p r e s e n c e  o f  u n p a i r e d  e l e c t r o n s  w h i c h  p r o v i d e  
f l u c t u a t i n g  d i p o l a r  m a g n e t i c  f i e l d s .  T h e  e l e c t r o n  m a g n e t i c  
m o m e n t  i s  m u c h  g r e a t e r  t h a n  t h a t  o f  n u c l e i  s o  t h e  r e l a x a t i o n  
e f f e c t  c a n  b e  q u i t e  d r a m a t i c .
S t a t i c  F i e l d  I n h o m o g e n e i t i e s .
T h e  t r a n s v e r s e  r e l a x a t i o n  o b s e r v e d  d u e  t o  t h e  c o m b i n a t i o n  o f  Bo
i n h o m o g e n e i t i e s  a n d  l o c a l  n u c l e a r  c o n t r i b u t i o n s  i s  u s u a l l y  *
d e n o t e d  b y  T^ w h e r e
1 / T  * — 1 / T  + ABo l . . .  ( 1 . 4 3 )
2
AB i s  t h e  v a r i a t i o n  a c r o s s  t h e  s a m p l e  o f  B . o o
M e t h o d s  a r e  a v a i l a b l e  t o  d e t e r m i n e  T2 i n  b u l k  s y s t e m s  d e s p i t e  
t h e  p r e s e n c e  o f  i n h o m o g e n o u s  B q f i e l d s ,  ( s e c t i o n  1 . 6 ) .
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1.5 The Bloch Equations.
B l o c h  f o r m u l a t e d  a  s e t  o f  e q u a t i o n s  w h i c h  s u c c e s s f u l l y  
e x p l a i n e d  m a n y  a s p e c t s  o f  t h e  p h e n o m e n a  o f  m a g n e t i c  r e s o n a n c e  
( B l o c h  ( 1 9 4 6 ) ) .  T h e  s t a r t i n g  p o i n t  f o r  t h e s e  w a s  t h e  c l a s s i c a l  
e q u a t i o n  o f  m o t i o n  o f  a  m a c r o s c o p i c  m a g n e t i s a t i o n  ( e q n  1 . 1 9 )  
r a t h e r  t h a n  t h e  m a g n e t i c  i n t e r a c t i o n  o f  i n d i v i d u a l  n u c l e i .  
B l o c h  i n c o r p o r a t e d  s e p a r a t e  t i m e  c o n s t a n t s  T i  a n d  f o r  t h e  
d e s c r i p t i o n  o f  r e l a x a t i o n  o f  t h e  m a g n e t i s a t i o n  t o w a r d s  M . T h e  
a s s u m p t i o n  w a s  t h a t  t h e  r e l a x a t i o n  o f  t h e  c o m p o n e n t s  o f  M 
p a r a l l e l  a n d  p e r p e n d i c u l a r  t o  t h e  e q u i l i b r i u m  m a g n e t i s a t i o n  Mq 
c o u l d  b e  d e s c r i b e d  b y  t w o  s e p a r a t e  f i r s t  o r d e r  p r o c e s s e s .  T h e  
e q u a t i o n s  p r e s e n t e d  h a v e  p r o v e d  t o  b e  e x c e e d i n g l y  u s e f u l  s i n c e ,  
f o r  m a n y  l i q u i d  s a m p l e s ,  t h e s e  a s s u m p t i o n s  a r e  t r u e .  S o l u t i o n s  
t o  t h e  e q u a t i o n s  u n d e r  v a r i o u s  l i m i t i n g  c o n d i t i o n s  p r o v i d e  
■ c o r r e c t  q u a n t i t a t i v e  d e s c r i p t i o n s  o f  t h e  NMR b e h a v i o u r  o f  a  
b u l k  s p i n  s y s t e m .  T h e  e q u a t i o n  o f  m o t i o n  o f  b u l k  m a g n e t i s a t i o n  
a t  e q u i l i b r i u m  i s  ( e q n  1 . 1 9 )  :
U n d e r  t h e  i n f l u e n c e  o f  a  s e c o n d  f i e l d  r o t a t i n g  i n  t h e  
x - y  p l a n e ,  B , e n e r g y  i s  a b s o r b e d  b y  t h e  s p i n  s y s t e m  r e d u c i n g  
t h e  z c o m p o n a n t  o f  t h e  m a g n e t i s a t i o n  a n d  g e n e r a t i n g  c o m p o n e n t s  
i n  t h e  x - y  p l a n e  (M a n d  M ) . F o l l o w i n g  t h e  a b s o r p t i o n  o fX Y
e n e r g y  t h e  r e l a x a t i o n  o f  M^ t o w a r d s  Mq i s  d e s c r i b e d  b y
dMo
d t
dMz
d t
-  (Mz -  M ) o . .  . ( 1 . 4 4 )T l
w h e r e  T i s  ( a s  b e f o r e )  t h e  s p i n  l a t t i c e  r e l a x a t i o n  t i m e .
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T h e  c o m p o n e n t s  o f  t h e  m a g n e t i s a t i o n  M a n d  M d e c a y  u n d e r  t h e  
d e p h a s i n g  e f f e c t  o f  l o c a l  f i e l d  v a r i a t i o n s  a n d  f l u c t u a t i o n s  a n d  
t h e y  a r e  d e s c r i b e d  b y
dM -M dM -M i —  I • __+ =  x \ 4 5)
d t  T ' d t  T . . .2 2
T2 i s  t h e  s p i n - s p i n  r e l a x a t i o n  t i m e .
C o m b i n i n g  a l l  t h e  p r o c e s s e s  a c t i n g  o n  t h e  s p i n  s y s t e m  -  t h e  
p r e c e s s i o n  d u e  t o  m a g n e t i c  i n t e r a c t i o n ;  t h e  a b s o r p t i o n  o f  
e n e r g y  a n d  t h e  r e l a x a t i o n  p r o c e s s e s  g i v e s  :
dM . . .  „  .
d t  =  A '
, i M  , jM ,X + fa P
T 2
,kM M x [— z -  o I T
v l
. . .  ( 1 . 46)
B i s  t h e  s u m  o f  B q a n d  B.  ^ ; i ,  ft  a n d  k  a r e  u n i t  v e c t o r s  i n  t h e  
l a b o r a t o r y  c o o r d i n a t e  f r a m e .
B y  e x p r e s s i n g  t h e  B f i e l d  i n  t e r m s  o f  i t s  c o m p o n e n t s  i n  t h e  
x ~ y  p l a n e  t h u s  :
B =  ft  B ^ c o s w t  -  f t B ^ s i n w t  . . . ( 1 . 4 7 )
T h e  c o m p o n e n t s  o f  M c a n  b e  d e s c r i b e d  i n d i v i d u a l l y  : 
dM
x  = y( M  B + M B  s i n w t )  -  M / T ,d t  Y 0 Z 1 X 2
dM
Y = y(M  B c o s w t  - M B )  -  M / T,d t  Z 1 1 X 0  Y 2
dM
Z = y (M B s i n w t  + M B c o s w t )  -  (M -  M ) / T  . . . ( 1 . 4 8 )d t  x i  y i  z  0 1
i.e. the complete Bloch equations.
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1.6 The Measurement of T and T .1 2
I n  t h e  r o t a t i n g  f r a m e  t h e  e f f e c t  o f  a  t i m e  d e p e n d a n t  f i e l d ,  B , 
o n  b u l k  m a g n e t i s a t i o n  Mq w a s  s h o w n  ( s e c t i o n  1 . 3 )  t o  b e  a  
p r e c e s s i o n  o f  Mq a b o u t  t h e  a x i s  o f  t h e  a p p l i e d  B . T h e  a n g u l a r  
f r e q u e n c y  o f  t h i s  p r e c e s s i o n a l  m o t i o n  i s  g i v e n  b y  yB . 
F u r t h e r m o r e  t h e  a n g l e  t h r o u g h  w h i c h  t h e  m a g n e t i s a t i o n  i s  t i p p e d  
i s  g i v e n  b y
0  =  yB t  . . . ( 1 . 4 9 )
w h e r e  t  i s  t h e  d u r a t i o n  o f  t h e  a p p l i e d  r f  p u l s e .
I f  0  i s  9 0 °  t h e n  t h e  r f  p u l s e  i s  r e f e r r e d  t o  a s  a  9 0 °  p u l s e
a n d ,  s i m i l a r l y ,  f o r  0  e q u a l  t o  1 8 0 °  t h e  r f  p u l s e  i s  c a l l e d  a
1 8 0 °  p u l s e .  I m m e d i a t e l y  a f t e r  a  9 0 °  p u l s e  ( a p p l i e d  a l o n g  t h e
x ' a x i s )  t h e  m a g n e t i s a t i o n  w i l l  l i e  a l o n g  t h e  y ' a x i s .  T r a n s v e r s e
r e l a x a t i o n  p r o c e s s e s  c a u s e  a  d e c a y  i n  t h e  m a g n i t u d e  o f  M^  w h i c h
c a n  b e  m e a s u r e d  b y  a  s u i t a b l e  d e t e c t i n g  c o i l .  T h e  o b s e r v e d*
e x p o n e n t i a l l y  d e c a y i n g  s i g n a l  ( t i m e  c o n s t a n t  T2 ) i s  k n o w n  a s  
t h e  F r e e  I n d u c t i o n  D e c a y  ( F I D )  ( F i g  1 . 5 ) .
A 1 8 0 °  p u l s e  w i l l  i n v e r t  t h e  e q u i l i b r i u m  m a g n e t i s a t i o n  b y  
t i p p i n g  i t  t h r o u g h  t h e  x ' - y '  p l a n e  s o  i t  i s  a l i g n e d  a l o n g  t h e  
- z  a x i s .  A s  t h e  m a g n e t i s a t i o n  r e l a x e s  t o w a r d s  t h e  e q u i l i b r i u m  
p o s i t i o n  t h e r e  a p p e a r s  n o  n e t  c o m p o n e n t  i n  t h e  x ' - y '  p l a n e  a n d  
t h e r e f o r e  n o  s i g n a l  w i l l  b e  d e t e c t e d .  B y  t h e  a p p l i c a t i o n  o f  
s u i t a b l e  s e q u e n c e s  o f  r f  p u l s e s  t h e  t r a n s i e n t  f e a t u r e s  o f  t h e  
NMR p h e n o m e n a  c a n  b e  m e a s u r e d  t o  r e v e a l  t h e  T a n d  T 2 v a l u e s .
I n v e r s i o n  -  R e c o v e r y  S e q u e n c e .
T h e  i n v e r s i o n  -  r e c o v e r y  s e q u e n c e  i s  c o m m o n l y  u s e d  f o r  t h e  
m e a s u r e m e n t  o f  T . A 1 8 0 °  p u l s e  i n v e r t s  t h e  e q u i l i b r i u mi
m a g n e t i s a t i o n  t o  -M ( F i g  1 . 6 ) .  T h e  m a g n e t i s a t i o n  r e c o v e r i n g  
a l o n g  t h e  z a x i s  t o w a r d s  Mq w i l l  n o t  i n d u c e  a n y  d e t e c t a b l e  
s i g n a l  u n t i l  i t  i s  p e r t u r b e d  i n t o  t h e  x - y  p l a n e .  I f ,  a f t e r  a n
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F i g  1 . 5  A F r e e  I n d u c t i o n  D e c a y  ( F I D )  f o l l o w i n g  a  9 0  p u l s e .
W i t h  r f  s l i g h t l y  o f f  r e s o n a n c e  i t  i s  t h e  e n v e l o p e*
o f  t h e  s i g n a l  t h a t  d e c a y s  w i t h  t i m e  c o n s t a n t  T
i n t e r v a l ,  T , a  9 0  p u l s e  i s  a p p l i e d  a l o n g  t h e  x ' a x i s  t h e  
m a g n e t i s a t i o n  Mz w i l l  l i e  a l o n g  t h e  y ' a x i s  i n d u c i n g  a  s i g n a l  
i n i t i a l l y  p r o p o r t i o n a l  t o  t h e  i n s t a n t a n e o u s  Mz . T h e  v a l u e  o f  Mz 
i n  t h e  a b s e n c e  o f  a n y  B i s  ( f r o m  e q n  1 . 4 8 )  d e s c r i b e d  b y  :
dM ■M +Mz o
d t . . .  ( 1 . 5 0 )
A s s u m i n g  T  ^ t o  b e  a  s i n g l e  t i m e  c o n s t a n t
M ( t )  = M (1 -  2 e x p ( - T  / T  ) ) .Z* 0 X X . . . ( 1 . 5 1 )
A f t e r  t h e  e q u i l i b r i u m  m a g n e t i s a t i o n  h a s  b e e n  r e - e s t a b l i s h e d  t h e  
s e q u e n c e  i s  r e p e a t e d  f o r  a  d i f f e r e n t  i n t e r p u l s e  i n t e r v a l ,  i .  A 
l i n e a r  p l o t  o f  l n ( M Q- M z ) a g a i n s t  i  h a s  a  g r a d i e n t  o f  - 1 / T  .
24
F i g  1 . 6  D e t e r m i n a t i o n  b y  I n v e r s i o n  R e c o v e r y .
( a )  A t  t = 0  t h e  m a g n e t i s a t i o n  i s  i n v e r t e d  b y  a  1 8 0 °  p u l s e  
a l o n g  t h e  - z ' a x i s  ( r o t a t i n g  f r a m e )  . (b )  A f t e r  a  t i m e  t
t h e  m a g n e t i s a t i o n  h a s  r e c o v e r e d  t o w a r d s  +Mq a l o n g  t h e  
z - a x i s .  ( c )  A 9 0 °  p u l s e  t i p s  t h e  r e m a i n i n g  Mz i n t o  t h e  
x ' - y '  p l a n e  w h e r e  i t  c a n  b e  d e t e c t e d .
(d )  T h e  i n s t a n t a n e o u s  Mz v a l u e s  a r e  p l o t t e d  a s  a  f u n c t i o n  
o f  t t o  r e v e a l  t h e  e x p o n e n t i a l  g r o w t h  o f  l o n g i t u d i n a l  
m a g n e t i s a t i o n  t o w a r d s  Mq w i t h  t i m e  c o n s t a n t  T .
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Spin Echoes and T2 Determination.
T h e  o b s e r v e d  d e c a y  o f  t h e  f r e e  i n d u c t i o n  s i g n a l  i s*
c h a r a c t e r i s e d  b y  T2 . T h e  c o n t r i b u t i o n s  o f  i n h o m o g e n e i t i e s  i n
t h e  s t a t i c  f i e l d  B p r e v e n t  t h e  d i r e c t  d e t e r m i n a t i o n  o f  T . T h eo 2
s p i n  e c h o  m e t h o d  p r o p o s e d  b y  H a h n  ( 1 9 5 0 )  w h i c h  c o n s i s t s  o f  a  
9 0 °  -  t  -  1 8 0 °  p u l s e  s e q u e n c e  o v e r c o m e s  t h i s  i n h o m o g e n e i t y  
p r o b l e m .  T h e  s e q u e n c e  i s  b e s t  v i s u a l i s e d  i n  t h e  r o t a t i n g  f r a m e  
( F i g  1 . 7  (a) - ( e ) ) : A 9 0 °  p u l s e  a l o n g  t h e  x ' a x i s  t i p s  t h e
m a g n e t i s a t i o n  o n t o  t h e  y ' a x i s .  T2 r e l a x a t i o n  p r o c e s s e s  a n d  
f i e l d  i n h o m o g e n e i t y  c a u s e  t h e  i n d i v i d u a l  s p i n s  t o  h a v e  
d i f f e r e n t  p r e c e s s i o n a l  f r e q u e n c i e s  a n d  t h e y  t h e r e f o r e  f a n  o u t  
i n  t h e  x ' - y '  p l a n e .  A f t e r  a  t i m e  x a  1 8 0 °  p u l s e  i s  a p p l i e d ,  -  
a l s o  a l o n g  t h e  x ' a x i s .  T h e  r e s u l t  o f  t h i s  i s  a  r o t a t i o n  o f  t h e  
s p i n s  a r o u n d  t h e  x ' a x i s .  T h e y  c o n t i n u e  t o  p r e c e s s  a t  t h e i r  
i n d i v i d u a l  f r e q u e n c i e s  b u t  n o w  t h i s  h a s  t h e  e f f e c t  o f  r e p h a s i n g  
t h e m  s o  a t  a  t i m e  2 t  t h e y  a r e  a l l  i n  p h a s e  a g a i n  a l o n g  t h e  
- y ' a x i s .  T h e i r  c o n t i n u e d  p r e c e s s i o n  d e p h a s e s  t h e  s p i n s  a n d  t h e y  
f a n  o u t  i n  t h e  x ' - y '  p l a n e  a g a i n .  T h e  s i g n a l  i n d u c e d  i n  a  
s u i t a b l e  d e t e c t i n g  c o i l  a s  t h e  s p i n s  c o m e  i n t o  p h a s e  a t  2 x a n d  
t h e n  d e p h a s e  a g a i n  i s  t h e  s p i n  e c h o .  T h e  a m p l i t u d e  o f  t h e  s p i n  
e c h o  i s  d e p e n d a n t  o n  T2 a n d  b y  m a k i n g  a  n u m b e r  o f  m e a s u r e m e n t s  
o f  p e a k  e c h o  a m p l i t u d e  a s  a  f u n c t i o n  o f  x ( s e p a r a t e d  b y  a  
s u i t a b l e  t i m e  -  a p p r o x i m a t e l y  5T -  t o  a l l o w  t h e  
r e - e s t a b l i s h m e n t  o f  e q u i l i b r i u m )  T2 c a n ,  i n  p r i n c i p l e ,  b e  
d e t e r m i n e d .  T h e  m a j o r  l i m i t a t i o n  o f  t h e  a b o v e  t e c h n i q u e  f o r  
a c c u r a t e l y  d e t e r m i n i n g  T2 i s  t h e  e f f e c t  o f  d i f f u s i o n .  I f  a  
n u c l e u s  d i f f u s e s  t h r o u g h  t h e  i n h o m o g e n e o u s  f i e l d  d u r i n g  t h e  
e x p e r i m e n t a l  t i m e  2 x t h e n  t h e  r e f o c u s i n g  o f  s p i n s  w i l l  n o t  
o c c u r  w i t h  s u c h  p r e c i s i o n  a n d  t h e  e c h o  a m p l i t u d e  w i l l  b e  
r e d u c e d .
T h e  e c h o  a m p l i t u d e  i s  g i v e n  b y
M
(2X)
= Moexpj^(-2x/T2) -|y2G2Dx3 ( 1 . 5 2 )
w h e r e  G i s  t h e  f i e l d  g r a d i e n t  d u e  t o  t h e  B q i n h o m o g e n e i t y  a n d  D 
i s  t h e  s e l f  d i f f u s i o n  c o e f f i c i e n t  ( C a r r  a n d  P u r c e l l  ( 1 9 5 4 )  ) .
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(a) <b) (c)
F i g  1 . 7  S p i n  e c h o e s  a n d  t h e  C a r r - P u r c e l l  S e q u e n c e  f o r  T2 
d e t e r m i n a t i o n .
( a )  A 9 0 °  p u l s e  t i p s  t h e  e q u i l i b r i u m  m a g n e t i s a t i o n  i n t o  t h e  
x ' - y 7 p l a n e .  ( b )  T2 r e l a x a t i o n  e f f e c t s  a n d  f i e l d
i n h o m o g e n e i t i e s  l e a d  t o  a  d e p h a s i n g  o f  t h e  s p i n s .  ( c )  A 1 8 0 °  
p u l s e  a t  t i m e  t r o t a t e s  t h e  s p i n s  a b o u t  t h e  x '  a x i s  a n d  t h e y  
r e p h a s e . . .  (d)  . .  a l o n g  t h e  - y '  a x i s  a t  t i m e  2 t . ( e )  T h e  s p i n s  
c o n t i n u e  t h i s  m o t i o n  a n d  d e p h a s e  o n c e  m o r e .  T h e  s i g n a l  g r o w t h  
a n d  d e c a y  a l o n g  t h e  - y '  a x i s  i s  t h e  H a h n  s p i n  e c h o .
T h e  C a r r - P u r c e l l  e x t e n s i o n  o f  t h e  H a h n  e c h o  s e q u e n c e  i n v o l v e s  
f u r t h e r  1 8 0 °  p u l s e s  a t  3 x  . . . ( f )  . . g i v i n g  a n  e c h o  a t  4 t a l o n g  
t h e  p o s i t i v e  y '  a x i s ,  a n d  a g a i n  a t  5 t , 7 t e t c .  l e a d i n g  t o  
a l t e r n a t i v e  n e g a t i v e  a n d  p o s i t i v e  e c h o e s .  I n  p r i n c i p l e  t h e  e c h o  
p e a k  e n v e l o p e  d e c a y s  w i t h  t i m e  c o n s t a n t  T2 .
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C a r r  a n d  P u r c e l l  a l s o  s h o w e d  t h a t  a  s i m p l e  m o d i f i c a t i o n  t o  t h e  
H a h n  s p i n  e c h o  s e q u e n c e  d r a m a t i c a l l y  r e d u c e s  t h e  e f f e c t  o f  
d i f f u s i o n  o n  T2 d e t e r m i n a t i o n .  T h e  C a r r - P u r c e l l  s e q u e n c e  
i n v o l v e d  a  90° d e g r e e  p u l s e  a t  t  e q u a l  t o  z e r o  f o l l o w e d  b y  a  
n u m b e r  o f  180° p u l s e s  a t  t , 3t , 5t . . . e t c .  ( F i g  1 .7(f)) .  A s  
w i t h  t h e  H a h n  s e q u e n c e  a n  e c h o  i s  f o r m e d  a t  2x a l o n g  t h e  
y ' a x i s ,  b u t  f u r t h e r  e c h o e s  a r e  n o w  f o r m e d  a t  4x, 6t . . . e t c .  
a l t e r n a t i v e l y  a l o n g  t h e  y '  a n d  t h e  - y ' a x e s .  T h e  e c h o  e n v e l o p e  
d e c a y s  e x p o n e n t i a l l y  w i t h  t i m e  c o n s t a n t  T . T h e  d i f f u s i o n  t e r m  
i n  e q n  1 .52  c a n  b e  r e d u c e d  b y  u s i n g  a  s h o r t  t v a l u e .  A f u r t h e r  
a d v a n t a g e  o v e r  t h e  H a h n  s p i n  e c h o  m e t h o d  i s  t h e  t i m e  s a v i n g  
b r o u g h t  a b o u t  b y  o b t a i n i n g  a  s e r i e s  o f  e c h o e s  i n  a  s i n g l e  
s e q u e n c e  o f  p u l s e s  w i t h o u t  t h e  n e e d  t o  r e - e s t a b l i s h  t h e  
e q u i l i b r i u m  f o r  e a c h  e c h o  m e a s u r e m e n t .  T h e  C a r r - P u r c e l l  
s e q u e n c e  r e l i e s  o n  a c c u r a t e l y  s e t  180° p u l s e s  t o  e n s u r e  t h e  
s p i n s  r e m a i n  i n  t h e  x ' - y '  p l a n e .  T h e  c u m u l a t i v e  e f f e c t  o f  a n  
i n a c c u r a t e  p u l s e  b e c o m e s  m o r e  s e r i o u s  a s  t h e  n u m b e r  o f  e c h o e s  
i n  t h e  s e q u e n c e  i n c r e a s e s .  T h e  m o d i f i c a t i o n  t o  t h e  C a r r - P u r c e l l  
s e q u e n c e  p r o p o s e d  b y  M e i b o o m  a n d  G i l l  r e d u c e s  t h i s  c u m u l a t i v e  
e f f e c t  ( M e i b o o m  a n d  G i l l  (1958) ) .  T h e i r  s e q u e n c e ,  k n o w n  
g e n e r a l l y  a s  t h e  CPMG s e q u e n c e ,  u s e s  t h e  s a m e  p u l s e  s e q u e n c e  a s  
C a r r  a n d  P u r c e l l  b u t  t h e  180° p u l s e s  a r e  a p p l i e d  a l o n g  t h e  
p o s i t i v e  y ' a x i s  ( i . e .  a  90° p h a s e  s h i f t  f r o m  t h e  90° p u l s e . )  
( F i g  1.8) . A l l  t h e  e c h o e s  n o w  f o r m  a l o n g  t h e  p o s i t i v e  y ' a x i s  
a n d  t h e  e c h o  e n v e l o p e  g i v e s  a  b e t t e r  e s t i m a t e  o f  t h e  T h e
CPMG s e q u e n c e  i s  a l s o  m o r e  t o l e r a n t  o f  e r r o r s  i n  t h e  180° p u l s e  
c a u s e d  b y  i n h o m o g e n e i t y  o f  t h e  B f i e l d .
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(a) (b) (c)
(d) (e) (f)
F i g  1 . 8  T h e  CPMG ( M e i b o o m - G i l l  m o d i f i c a t i o n  o f  C a r r - P u r c e l l )  
S e q u e n c e  f o r  T 2 d e t e r m i n a t i o n .
( a )  A 9 0 °  p u l s e  i s  f o l l o w e d  b y  s p i n  d e p h a s i n g  . . .  ( b )  . . i n  t h e  
x ' - y '  p l a n e  ( r o t a t i n g  f r a m e )  . ( c )  A 1 8 0 °  p u l s e  ( a t  t = x  a n d
a p p l i e d  a l o n g  t h e  y '  a x i s )  r o t a t e s  t h e  s p i n s  a b o u t  t h e  a x i s .
( d )  T h e  e c h o  f o r m e d  a l o n g  t h e  + y ' a x i s  . . .  ( e )  . . c o n t i n u e s  t o  
d e p h a s e ,  ( f )  F u r t h e r  1 8 0 °  p u l s e s  a t  t  = 3 x ,  5 x  e t c  l e a d  t o  
f u r t h e r  e c h o e s  a s  i n  ( d )  a t  4 x ,  6 x e t c .  E v e n  w i t h  i n a c c u r a t e  
1 8 0 °  p u l s e s  T2 c a n  s t i l l  b e  d e t e r m i n e d  f r o m  t h e  e n v e l o p e  o f  t h e  
e c h o e s .
29
TWO
CHAPTER
NUCLEAR MAGNETIC RESONANCE IMAGING
2.1 Introduction.
T h e  g e n e r a t i o n  o f  s p a t i a l  m a p s  o f  NMR p a r a m e t e r s  h a s  e v o l v e d  
c o n s i d e r a b l y  d u r i n g  t h e  l a s t  2 0  y e a r s .  T h i s  c h a p t e r  p r e s e n t s  
a s p e c t s  o f  M a g n e t i c  R e s o n a n c e  I m a g i n g  w h i c h  a r e  r e l e v a n t  t o  t h e  
r e s e a r c h  u n d e r t a k e n .
2 . 2  T h e  NMR P r o j e c t i o n .
T h e  f u n d a m e n t a l  p r i n c i p l e ,  u p o n  w h i c h  t h e  a b i l i t y  t o  
d i f f e r e n t i a t e  s p a t i a l  l o c a t i o n s  i s  b a s e d ,  i s  t h e  r e s o n a n c e  
c o n d i t i o n ,
ol = yB ... (2.1)
T h a t  i s ,  t h e  L a r m o r  f r e q u e n c y ,  wl/ 2 tt ' ^ o r  a  G i v e n  n u c l e u s  i s  
a l i n e a r  f u n c t i o n  o f  t h e  f i e l d  s t r e n g t h ,  B .  S u p p o s e  t h e  m a i n  
f i e l d  B q a c t s  i n  t h e  z d i r e c t i o n  b u t  v a r i e s  l i n e a r l y  i n  t h e  
x  d i r e c t i o n ,  i . e .
B =  B + x G . . .  ( 2 . 2 )
Z  0 X
w h e r e  G i s  t h e  f i e l d  g r a d i e n t .  T h e  L a r m o r  f r e q u e n c y  i s  n o w
X
«L = rB0 + ^xGx • • • (2.3)
A p p l i c a t i o n  o f  a  9 0 °  p u l s e  t o  s u c h  a  s y s t e m  r e s u l t s  i n  a n  F I D  
c o n t a i n i n g  n o t  j u s t  a  s i n g l e  f r e q u e n c y ,  a s  i t  w o u l d  i n  a  
u n i f o r m  f i e l d ,  b u t  a  s p r e a d  o f  f r e q u e n c i e s .  T h e  a m p l i t u d e  o f  
e a c h  f r e q u e n c y  c o m p o n e n t  i s  p r o p o r t i o n a l  t o  t h e  a m o u n t  o f  t h a t  
n u c l e a r  s p e c i e s  e x p e r i e n c i n g  t h e  c o r r e s p o n d i n g  m a g n e t i c  f i e l d  
s t r e n g t h .  T h e  f r e q u e n c y  s p e c t r u m  i s  e f f e c t i v e l y  a  
o n e - d i m e n s i o n a l  p r o j e c t i o n  o f  t h e  s p i n  d e n s i t y  o n t o  t h e  x - a x i s .  
( F i g  2 . 1 . )
L a u t e r b u r  p r o d u c e d  t h e  f i r s t  m a g n e t i c  r e s o n a n c e  i m a g e  f r o m  a 
n u m b e r  o f  s u c h  p r o j e c t i o n s  u s i n g  a  p r o j e c t i o n  r e c o n s t r u c t i o n  
t e c h n i q u e  ( L a u t e r b u r  ( 1 9 7 3 ) ) .  T h e s e  t e c h n i q u e s  h a d  p r o v e n  t o  b e  
v e r y  s u c c e s s f u l  i n  X - r a y  c o m p u t e r  t o m o g r a p h y  (CT) ( B r o o k s  a n d
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D i C h i r o  ( 1 9 7 6 ) )  b u t  h a v e  s i n c e  b e e n  s u p e r s e d e d  i n  m a g n e t i c  
r e s o n a n c e  i m a g i n g  b y  t h e  F o u r i e r  t r a n s f o r m  i m a g i n g  m e t h o d s  ( s e e  
s e c t i o n  2 . 4 . )  .
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F i g  2 . 1  T h e  NMR P r o j e c t i o n .
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2.3 Slice Section.
A l t h o u g h  m a g n e t i c  r e s o n a n c e  i m a g i n g  i s  f e a s i b l e  i n  t h r e e  
d i m e n s i o n s  i t  i s  m o r e  c o m m o n  t o  f i r s t  d e f i n e  a  s l i c e  t h r o u g h  
t h e  o b j e c t  a n d  t h e n  g e n e r a t e  a  t w o  d i m e n s i o n a l  i m a g e  o f  t h e  
s e l e c t e d  s l i c e .  S e v e r a l  w o r k e r s  h a v e  d e v e l o p e d  s l i c e  s e l e c t i o n  
t e c h n i q u e s  i n v o l v i n g  f i e l d  g r a d i e n t  c o n t r o l s  :
T h e  t e c h n i q u e  o f  H i n s h a w  e t  a l . e m p l o y e d  o s c i l l a t i n g  m a g n e t i c  
f i e l d  g r a d i e n t s  s u c h  t h a t  t h e  f i e l d  r e m a i n e d  i n d e p e n d e n t  o f  
p o s i t i o n  i n  o n l y  o n e  p l a n e  ( H i n s h a w ,  B o t t o m l e y  a n d  H o l l a n d  
( 1 9 7 7 ) ) ;
K u m a r  e t  a l . a p p l i e d  a  s t a t i c  g r a d i e n t  t o  p h a s e  e n c o d e  t h e  
s l i c e  ( K u m a r ,  W e l t i  a n d  E r n s t ( 1 9 7 5 ) ) ;
T a y l o r  e t  a l . e m p l o y e d  a  v a r i a t i o n  o f  K u m a r ' s  m e t h o d  w h e r e b y  
m a n y  p l a n e s  c o u l d  b e  i m a g e d  s i m u l t a n e o u s l y  b y  c o n t r o l l i n g  t h e  
p h a s e  s h i f t  p e r p e n d i c u l a r  t o  t h e  s l i c e s  ( T a y l o r ,  May a n d  J o n e s  
( 1 9 8 1 ) ) .
T h e s e  t e c h n i q u e s  h a v e  b e e n  r e p l a c e d  i n  v i r t u a l l y  a l l  m a g n e t i c  
r e s o n a n c e  i m a g i n g  b y  s e l e c t i v e  i r r a d i a t i o n  t e c h n i q u e s  : 
S e l e c t i v e  s a t u r a t i o n  -  w h e r e b y  a  f i e l d  g r a d i e n t  a l o n g  w i t h  a  
m o d u l a t e d  r f  p u l s e  a r e  a p p l i e d  s u c h  t h a t  t h e  r f  s p e c t r u m  
s e l e c t i v e l y  e x c i t e s  s p i n s  o u t s i d e  t h e  c h o s e n  s l i c e  ( G a r r o w a y ,  
G r a n n e l  a n d  M a n s f i e l d  ( 1 9 7 4 ) ) ;
S e l e c t i v e  e x c i t a t i o n  -  b y  f a r  t h e  m o s t  c o m m o n  m e t h o d  u s e d  -  
w h e r e b y  i n  t h e  p r e s e n c e  o f  a  f i e l d  g r a d i e n t  a  m o d u l a t e d  r f
p u l s e  e x c i t e s  o n l y  t h o s e  s p i n s  w i t h i n  t h e  r e q u i r e d  s l i c e .  T h e
r f  p u l s e  m u s t  c o n t a i n  t h e  s a m e  f r e q u e n c y  c o m p o n e n t s  a s  t h e  
s p i n s  w i t h i n  t h e  s l i c e .  A r e c t a n g u l a r  p r o f i l e  i n  t h e  f r e q u e n c y  
d o m a i n  i s  t h e  i d e a l  s o l u t i o n  ( F i g  2 . 2 a ) .  T h e  f r e q u e n c y  d o m a i n  
p r o f i l e  i s  r e l a t e d  t o  t h e  t i m e  d o m a i n  b y  t h e  F o u r i e r
t r a n s f o r m a t i o n .  I t  i s  w e l l  k n o w n  t h a t  t h e  F o u r i e r  t r a n s f o r m  o f  
a  s i n e  f u n c t i o n  h a s  a  r e c t a n g u l a r  p r o f i l e  a n d  i t  f o l l o w s  t h a t  
i d e a l l y  t h e  e n v e l o p e  o f  t h e  r f  p u l s e  m u s t  a l s o  h a v e  a  s i n e
p r o f i l e .  T h e  p r o b l e m  i m m e d i a t e l y  a r i s e s  a s  t o  w h e r e  t o  t r u n c a t e  
t h e  s i n e  s h a p e  s i n c e  a p p l y i n g  a n  i n f i n i t e l y  l o n g  p u l s e  i s  
i m p r a c t i c a l .
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( a )
( c )
F i g  2 . 2  S l i c e  S e l e c t i o n .
( a )  T h e  ' i d e a l '  f r e q u e n c y  s p e c t r u m . ( b )  A t r u n c a t e d  
3 n o d e  s i n e  a n d . . . ( c )  . . i t s  F o u r i e r  t r a n s f o r m a t i o n ,  
( d )  A G a u s s i a n  w e i g h t e d  3 n o d e  s i n e  a n d  . . . ( e ) . . i t s  
F o u r i e r  t r a n s f o r m .
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T h e  c r i t e r i a  t o  b e  c o n s i d e r e d  a r e  :
I .  D u r a t i o n  o f  p u l s e ;
I I .  F r e q u e n c y  o f  p u l s e  e n v e l o p e  ( w h i c h  d e t e r m i n e s  t h e  t i m e  t o  
t h e  f i r s t  n o d e ) ;
I I I .  W e i g h t i n g  f u n c t i o n s .
T h e  d u r a t i o n  o f  t h e  p u l s e  m u s t  b e  n e g l i g i b l e  c o m p a r e d  w i t h  t h e  
r e l a x a t i o n  t i m e s  o f  t h e  s p i n s .
I f  t h e  s i n e  i s  t r u n c a t e d  w i t h  t o o  f e w  n o d e s  t h e n  t h e  p r o f i l e  
f o l l o w i n g  t h e  F o u r i e r  t r a n s f o r m  d e v i a t e s  m a r k e d l y  f r o m  t h e  
r e q u i r e d  s h a p e .  T o o  m a n y  n o d e s  i n  a  f i x e d  i n t e r v a l  ( i . e .  a  
h i g h e r  f r e q u e n c y  p u l s e  e n v e l o p e ) , b r o a d e n s  t h e  f r e q u e n c y  
c o n t e n t  o f  t h e  s e l e c t e d  s l i c e .  R e s t r i c t i n g  a  w i d e  b a n d w i d t h  t o  
a  n a r r o w  s l i c e  r e q u i r e s  a p p l i c a t i o n  o f  a  v e r y  s t r o n g  f i e l d  
g r a d i e n t .  An a c c e p t a b l e  c o m p r o m i s e  b e t w e e n  t h e s e  l i m i t s  i s  a  
s i n e  t r u n c a t e d  a f t e r  3 n o d e s  ( F i g  2 . 2 b )  . I t  c a n  b e  s e e n  t h a t  
t h e r e  a r e  f r e q u e n c i e s  p r e s e n t  o u t s i d e  t h e  r e q u i r e d  b a n d w i d t h  
( F i g  2 . 2 c )  a n d  t h e  a m p l i t u d e  w i t h i n  t h e  r e q u i r e d  r e g i o n  i s  
i r r e g u l a r .  To m i n i m i s e  t h e s e  i r r e g u l a r i t i e s  i n  t h e  s l i c e  
p r o f i l e  t h e  s i n e  f u n c t i o n  i s  w e i g h t e d  w i t h  a  G a u s s i a n  f u n c t i o n  
( F i g  2 . 2 d ) .  T h e  F o u r i e r  t r a n s f o r m  o f  t h i s  e n v e l o p e  i s  a  
r e c t a n g l e  c o n v o l v e d  w i t h  a  G a u s s i a n .  T h i s  s o l u t i o n  t o  s l i c e  
s e l e c t i o n s  m u s t  b e  v e r i f i e d  b y  s o l v i n g  t h e  B l o c h  e q u a t i o n s  f o r  
t h e  s h a p e d  p u l s e  a s  n o  a c c o u n t  o f  t h e  p h a s e  o f  t h e  s p i n s  i n  a  
r e a l  s y s t e m  h a s  s o  f a r  b e e n  m a d e .  C o n s i d e r  t h e  s p i n  s y s t e m  i n  
t h e  r o t a t i n g  f r a m e  : I n  t h e  a b s e n c e  o f  a  g r a d i e n t  f i e l d  Gz t h e  
m a g n e t i s a t i o n  v e c t o r  M p r e c e s s e s  a b o u t  t h e  a x i s  o f  B i n  t h e  
y ' - z '  p l a n e  ( F i g  2 . 3 ) .  F o r  a  r e c t a n g u l a r  r f  p u l s e  t h e  a n g l e  
t h r o u g h  w h i c h  t h e  m a g n e t i s a t i o n  i s  t i p p e d  i s  g i v e n  b y  :
oc = yB t . . .  ( 2 . 4 )
F o r  t h e  a m p l i t u d e  m o d u l a t e d  p u l s e  t h i s  b e c o m e s  a n  i n t e g r a l  f r o m  
w h i c h  i t  i s  p o s s i b l e  t o  c a l c u l a t e  t h e  r e q u i r e d  B a m p l i t u d e .
•fcL
a  = y B ( t ) d ti . . .  ( 2 . 5 )
where t is the pulse length.
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p l a n e  a b o u t  t h e  B a x i s  i n  t h e  a b s e n c e  o f  G , a  f i e l d1 z
g r a d i e n t  a l o n g  t h e  z a x i s .
X 4
Fig 2.3 Precession of the magnetisation vector M  in the y'-z'
For a  9 0 °  p u l s e  t h i s  a m p l i t u d e  i s  g i v e n  b y  :
|B|  = 2 7 - - ------------------------------- . . . ( 2 . 6 )
L . ... -Dt2 ,. s m c  ( t ) . e  d t
I f  w e  n o w  c o n s i d e r  t h e  s a m e  s p i n  s y s t e m  b u t  i n  t h e  p r e s e n c e  o f  
a  g r a d i e n t ,  G , t h e  s p i n s  n o  l o n g e r  p r e c e s s  i n  t h e  y - z  p l a n e  : 
F o r  e a c h  p o s i t i o n  a l o n g  t h e  z d i r e c t i o n  t h e  s p i n s  e x p e r i e n c e  a  
d i f f e r e n t  e f f e c t i v e  f i e l d ,  B g i v e n  b y
B. f f < Z)  “  B ! ( t > + B ,  . . . ( 2 . 7 )
w h e r e  B =  zG z z
T h e  s p i n s  p r e c e s s  a r o u n d  B r e s u l t i n g  i n  a  r a p i d  l o s s  o fe f f  L
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p h a s e  c o h e r e n c e  i n  t h e  x - y  p l a n e .  F i g  2 . 4  s h o w s  t h e  p r e c e s s i o n  
o f  s p i n s  f o r  a  g i v e n  z ,  a n d  t h e  r e s u l t i n g  m a g n e t i s a t i o n  
v e c t o r  M. T h e  c o m p l e t e  r e s p o n s e  c a n  b e  f o u n d  o n l y  b y  s o l v i n g
t h e  B l o c h  e q u a t i o n s  n u m e r i c a l l y .  T h e  r o t a t i n g  f r a m e  c o n c e p t  i s
u n s u i t a b l e  f o r  u s e  w i t h  t h e  s h a p e d  B p u l s e  s i n c e  t h e  a n g l e  
b e t w e e n  B a n d  t h e  x - a x i s  v a r i e s  w i t h  t i m e  a n d  z  p o s i t i o n
ef f
m a k i n g  i t  d i f f i c u l t  t o  v i s u a l i s e  t h e  m o t i o n  o f  t h e  m a g n e t i a t i o n
v e c t o r  M. T h e  e q u a t i o n  o f  m o t i o n  t o  b e  s o l v e d  i s  :
AM =  (M x  *B ) At  . . . ( 2 . 8 )— ef f
T h e  c o m p o n e n t s  o f  t h e  m a g n e t i s a t i o n  i n  t h e  t h r e e  p l a n e s  a r e
f o r m e d  f r o m  t h e  f o l l o w i n g  :
dM M
— -  = . y B  M -  f a  . . .  ( 2 . 9 a )
d t  T2
dM M
 -  =  - yB M -  yB ( t ) M  -  f a  . . . ( 2 . 9 b )
d t  x  1 z  T2
dM (M - M )
 5- =  3+  ( t ) M -  -----?-----1 -  . . .  ( 2 . 9 c )
d t  1 Y T 2
T h e  p h a s e  r e s p o n s e  o f  t h e  s y s t e m  i s  f a i r l y  l i n e a r  t h r o u g h  t h e  
s l i c e  f o r  a  9 0 °  p u l s e  ( L o c h e r  ( 1 9 8 0 )  ) . B y  r e v e r s i n g  t h e  
g r a d i e n t  f o r  a  s h o r t  t i m e  i m m e d i a t e l y  a f t e r  t h e  p u l s e  i t  i s  
p o s s i b l e  t o  r e f o c u s  t h e  p h a s e  d i s t r i b u t i o n  o f  t h e
m a g n e t i s a t i o n .  T h e  c o m p l e t e  s l i c e  s e l e c t i o n  r e g i m e  ( F i g  2 . 5 )
c a n  b e  i n c o r p o r a t e d  i n t o  a  v a r i e t y  o f  i m a g i n g  s e q u e n c e s ,  ( s e e  
s e c t i o n  2 . 6 . )
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F i g  2 . 4  P r e c e s s i o n  o f  s p i n s  a t  p o s i t i o n  z  a b o u t  B w h e r e
B =  B + zG t h e  v e c t o r  s u m  o f  t h e  r f  f i e l d  a n d  —eff  —1 — z
t h e  f i e l d  d u e  t o  g r a d i e n t  G .
F i g  2 . 5  S l i c e  S e l e c t i o n .  S e l e c t i v e  i r r a d i a t i o n  f o r  s l i c e  
d e f i n i t i o n .  A G a u s s i a n  w e i g h t e d  s i n e  s h a p e d  r f  p u l s e  
i s  a p p l i e d  i n  t h e  p r e s e n c e  o f  a  f i e l d  g r a d i e n t ,  G^. 
F o r  a  9 0 °  p u l s e  t h e r e  r e m a i n s ,  i m m e d i a t e l y  a f t e r  t h e  
r f  p u l s e ,  a  p h a s e  d i s t r i b u t i o n  w h i c h  c a n  b e  
r e f o c u s s e d  b y  a  p e r i o d  o f  g r a d i e n t  r e v e r s a l .
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2.4 2DFT Imaging.
T h e  i n i t i a l  t w o  d i m e n s i o n a l  F o u r i e r  t r a n s f o r m  ( 2 D F T )  m e t h o d  w a s  
p r o p o s e d  b y  K u m a r  e t  a l .  w h o  n o t e d  t h a t  i t  h a d  s i g n i f i c a n t  
a d v a n t a g e s  o v e r  e a r l i e r  p r o j e c t i o n  r e c o n s t r u c t i o n  t e c h n i q u e s  
( K u m a r ,  W e l t i  a n d  E r n s t  ( 1 9 7 5 ) ) .  T h e  i m a g i n g  s e q u e n c e ,  b a s e d  o n  
t h e  a p p l i c a t i o n  o f  a  s e q u e n c e  o f  p u l s e d  o r t h o g o n a l  l i n e a r  f i e l d  
g r a d i e n t s ,  w a s  r e m a r k a b l y  s i m p l e  i n  e x p e r i m e n t a l  a n d  
c o m p u t a t i o n a l  t e r m s .  T h e  p r i n c i p l e  b e h i n d  t h e  m e t h o d  f o r  t w o  
d i m e n s i o n a l  i m a g i n g  i s  a s  f o l l o w s  ( F i g  2 . 6 )  :
T h e  a p p l i c a t i o n  o f  a  s e l e c t i v e  9 0 °  p u l s e  t o  a  s a m p l e  a t  
p o s i t i o n  ( x , y )  i s  i m m e d i a t e l y  f o l l o w e d  b y  a  g r a d i e n t  i n  t h e  
y d i r e c t i o n ,  Gy, f o r  a  t i m e  t  . T h e  L a r m o r  f r e q u e n c y  r e l a t i v e  
t o  a  f i x e d  r e f e r e n c e  i s  s h i f t e d  t o
“  ( x ,  y )  = - * (V y  . . .  ( 2 . 1 0 )
a n d  a t  t h e  e n d  o f  t i m e  t  t h e  p h a s e  i s  g i v e n  b y  :
hx,y) = -*<Vy -t* ...(2.11)
T h a t  i s  t h e  p h a s e  o f  t h e  s i g n a l  r e f l e c t s  i t s  y  p o s i t i o n .
A  g r a d i e n t  i s  t h e n  a p p l i e d  i n  t h e  x  d i r e c t i o n  d u r i n g  w h i c h  t h e
F I D  i s  s a m p l e d .  T h e  f r e q u e n c y  o f  t h e  d e c a y  i s  t h e n  a  f u n c t i o n
o f  t h e  x  c o o r d i n a t e  :
wo = ... (2.12)
a n d  F o u r i e r  t r a n s f o r m a t i o n  o f  t h e  s a m p l e d  d a t a  g i v e s  a
p r o j e c t i o n  a l o n g  t h e  x - a x i s .
T h e  p h a s e  o f  t h e  s p e c t r u m  i s  d e p e n d a n t  o n  y  a n d  t  . T h e
s e q u e n c e  i s  r e p e a t e d  f o r  a  f u l l  r a n g e  o f  t y v a l u e s .  T h e  p h a s e  
o f  e a c h  n e w  s p e c t r u m  i s  d i f f e r e n t  i i n d  t h e  r a t e  o f  c h a n g e  o f  
p h a s e  w i t h  i n c r e a s i n g  t  i s  a  m e a s u r e  o f  y  p o s i t i o n  :
d  <p
a r  - - » •  G , .y  . . . ( 2 . 1 3 )
Y
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Fig 2.6 The gradient sequence for 2DFT imaging.
I f  e a c h  F I D  i s  s a m p l e d  n t i m e s  a n d  m F I D s  a r e  a c q u i r e d  ( e a c h
w i t h  a  d i f f e r e n t  t  ) a  t w o  d i m e n s i o n a l  a r r a y  o f  d a t a  (n  x  m) i s
c r e a t e d .  T h e  F o u r i e r  t r a n s f o r m  o f  t h e  r o w s  r e v e a l s  i n f o r m a t i o n
a b o u t  t h e  f r e q u e n c y  c o n t e n t  o f  t h e  s a m p l e ( p r o p o r t i o n a l  t o  t h e  x
c o o r d i n a t e )  a n d  t h e  F o u r i e r  t r a n s f o r m  o f  t h e  c o l u m n s  r e v e a l s
i n f o r m a t i o n  a b o u t  t h e  p h a s e  c o n t e n t  o f  t h e  s p e c t r u m
( p r o p o r t i o n a l  t o  t h e  y  c o o r d i n a t e  o f  t h e  s a m p l e ) .
I f  t h e  g r a d i e n t s  u s e d  a r e  o f  s u f f i c i e n t  s t r e n g t h  t h e n  t h e
f r e q u e n c y  r a n g e  o f  t h e  s p e c t r a  i s  m u c h  g r e a t e r  t h a n  t h e  n a t u r a l*
l i n e w i d t h  o f  t h e  s y s t e m  ( 1 / tcT2 ) a n d ,  t o  a  g o o d  a p p r o x i m a t i o n ,  
t h e  r e s u l t  i s  t h e  r e q u i r e d  t w o  d i m e n s i o n a l  i m a g e  o f  t h e  s p i n  
d e n s i t y .  T h e  m a i n  d i s a d v a n t a g e  o f  t h i s  t e c h n i q u e  i s  t h a t  t h e  
t i m e  b e t w e e n  t h e  r f  p u l s e  a n d  t h e  d a t a  c o l l e c t i o n  v a r i e s  w i t h  
t  , a c c e n t u a t i n g  t h e  e f f e c t s  o f  r e l a x a t i o n  a n d  f i e l d  
i n h o m o g e n e i t y  t h u s  c o n t r i b u t i n g  t o  a  d e g r a d a t i o n  o f  t h e  f i n a l  
i m a g e .  T h i s  d i s a d v a n t a g e  i s  o v e r c o m e  b y  t h e  m e t h o d  o f  s p i n - w a r p  
i m a g i n g ,  p r o p o s e d  b y  E d e l s t e i n  e t  a l . ,  t h e  b a s i s  o f  w h i c h  h a s  
b e c o m e  w i d e l y  a c c e p t e d  i n  m a n y  s t a n d a r d  t e c h n i q u e s  
( E d e l s t e i n  e t  a l . (1980)).
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Spin-warp Imaging.
F o l l o w i n g  s l i c e  s e l e c t i o n  a  p r o j e c t i o n  o f  t h e  s p i n  d e n s i t y  o n t o  
t h e  x - a x i s  i s  o b t a i n e d  a s  f o l l o w s  ( F i g  2 . 7 )  :
T h e  s i g n a l  i s  f i r s t  d e p h a s e d  b y  t h e  a p p l i c a t i o n  o f  a  n e g a t i v e  
g r a d i e n t  l o b e ,  - G  , t h e n  r e c a l l e d  i n  t h e  f o r m  o f  a n  e c h o  b y  a  
p o s i t i v e  c o n s t a n t  g r a d i e n t  G . T h i s  e c h o  s i g n a l  i s  s a m p l e d  a n d  
i t s  F o u r i e r  t r a n s f o r m  p r o v i d e s  a  p r o j e c t i o n  o f  t h e  s a m p l e  s p i n  
d e n s i t y  o n t o  t h e  x - a x i s .
P h a s e  e n c o d i n g  i n  t h e  y  d i r e c t i o n  i s  a c h i e v e d  b y  t h e  
a p p l i c a t i o n  o f  a  g r a d i e n t  p u l s e  Gy w h i c h  i s  o f t e n  a  h a l f  s i n e  
w a v e .  T h i s  G  ^ i s  a p p l i e d  f o r  t h e  s a m e  t i m e ,  t  , i n  e a c h  
s e q u e n c e  b u t  i t s  s t r e n g t h  i s  v a r i e d .  T h e  p h a s e  s h i f t  a c r o s s  t h e  
s a m p l e  i s  g i v e n  b y  :
0 <X, Y)  =
feY
G d t . y  . . . ( 2 . 1 4 )
o
T h e  s e q u e n c e  i s  r e p e a t e d  f o r  ( t y p i c a l l y )  1 2 8  d i f f e r e n t  v a l u e s  
o f  G e a c h  s e p a r a t e d  f r o m  t h e  n e x t  b y  <5G . SG i s  c h o s e n  s u c hY J Y Y
t h a t  e a c h  i n c r e m e n t  c a u s e s  a  f u r t h e r  i n c r e m e n t  o f  p h a s e ,  o r  
w a r p ,  a c r o s s  t h e  o b j e c t  o f  7r r a d i a n s .  I n i t i a l l y  Gy i s  s e t  t o  64  
x  SGy s o  t h a t  t h e r e  a r e  6 4  p o s i t i v e  v a l u e s  o f  G , o n e  a t  z e r o  
a m p l i t u d e  a n d  6 3  n e g a t i v e  v a l u e s .
E a c h  s u c c e s s i v e  a p p l i c a t i o n  o f  Gy m a y  b e  t r e a t e d  a s  a n  
i n c r e m e n t  o f  p s e u d o  t i m e  T ' . A s  t h e  a m p l i t u d e s  o f  Gy h a v e  b o t h  
p o s i t i v e  a n d  n e g a t i v e  v a l u e s ,  t h e  r a n g e  o f  T'  i s  a l m o s t  
s y m m e t r i c a l  a b o u t  z e r o .  T h i s  h a s  t h e  a d v a n t a g e  o f  p r o d u c i n g  a  
s p i n  e c h o  i n  p s e u d o  t i m e  r a t h e r  t h a n  a n  F I D .  F o r m a t i o n  o f  a n  
i m a g e  f r o m  t h e  s a m p l e d  d a t a  i s  a c h i e v e d  b y  c a r r y i n g  o u t  a  t w o  
d i m e n s i o n a l  F o u r i e r  t r a n s f o r m  (2D F T )  a s  a  f u n c t i o n  o f  r e a l  t i m e  
( t )  a n d  p s e u d o  t i m e .
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F i g  2 . 7  T h e  G r a d i e n t  S e q u e n c e  f o r  S p i n - w a r p  I m a g i n g .
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2.5 3DFT Imaging.
B y  a  s i m p l e  e x t e n s i o n  o f  t h e  2DFT i m a g i n g  m e t h o d s  t o  i n c l u d e  a  
s e c o n d  p h a s e  e n c o d i n g  g r a d i e n t  ( a n d  d o  a w a y  w i t h  s l i c e  
s e l e c t i o n )  a  c o m p l e t e  v o l u m e  m a y  b e  i m a g e d .  T h i s  c a n  h o w e v e r  
p r o v e  t o  b e  a  v e r y  s l o w  p r o c e s s  a s  f o r  e a c h  o f  N p h a s e  e n c o d i n g  
s t e p s  i n  o n e  d i r e c t i o n  M p h a s e  e n c o d i n g  s t e p s  i n  a n  o r t h o g o n a l  
d i r e c t i o n  a r e  r e q u i r e d .  T h e  t h i r d  d i m e n s i o n  i s  s a m p l e d  i n  t h e  
p r e s e n c e  o f  a  r e a d o u t  g r a d i e n t  i n  t h e  u s u a l  m a n n e r .  F o r  M = N = 
6 4  a n  i m a g e  a t  a  r e p e t i t i o n  r a t e  o f  I s  t a k e s  o v e r  a n  h o u r  t o  
a c q u i r e  t h e  d a t a .  T h i s  d i s a d v a n t a g e  m a y  b e  t o l e r a b l e  b e c a u s e  2D 
i m a g e s  m a y  b e  r e c o n s t r u c t e d  f r o m  a n  a l m o s t  i n f i n i t e  v a r i e t y  o f  
p l a n e s  t h r o u g h  t h e  v o l u m e .  A f u r t h e r  p r o b l e m  a r i s e s  f r o m  t h e  
v o l u m e  o f  d a t a  p r o d u c e d  a n d  i t s  s t o r a g e  a n d  m a n i p u l a t i o n  : A 3D 
d a t a  s e t  ( 1 2 8  x  1 2 8  x  2 5 6 )  h a s  1 2 8  t i m e s  t h e  s t o r a g e  
r e q u i r e m e n t s  o f  a  t y p i c a l  2D i m a g e  -  4 M b y t e s  c o m p a r e d  w i t h  64  
K b y t e s .
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2.6 Imaging S e q u e n c e s .
T h e  s i g n a l  i n t e n s i t y  f r o m  a n y  i m a g e  e l e m e n t  ( v o x e l )  i s  
d e p e n d e n t  o n  t h e  s p i n  d e n s i t y  w i t h i n  t h e  v o l u m e  o f  m a t e r i a l  
c o n t r i b u t i n g  t o  t h a t  e l e m e n t  m o d i f i e d  b y  t h e  e x t e n t  t o  w h i c h  T
a n d  T r e l a x a t i o n  h a s  b e e n  a l l o w e d  t o  o c c u r .  M e a s u r e m e n t  o f
2
s p i n  d e n s i t y  a l o n e  i s  d i f f i c u l t  f o r  s e v e r a l  r e a s o n s  :
I .  T h e  s e n s i t i v i t y  o f  t h e  i m a g i n g  s y s t e m  c a n  v a r y  a c r o s s  t h e  
i m a g e  -  t h i s  i s  o f t e n  d u e  t o  t h e  r f  f i e l d  i n h o m o g e n e i t i e s .
I I .  V a r i a t i o n s  i n  t h e  s t a t i c  f i e l d  o r  t h e  f i e l d  g r a d i e n t s  w i l l  
c a u s e  a  n o n - u n i f o r m i t y  i n  t h e  v o x e l  d i m e n s i o n s  t h r o u g h  t h e  
i m a g e  -  s l i c e  t h i c k n e s s  v a r i a t i o n s ,  i n  p a r t i c u l a r ,  c o n t r i b u t e  
t o  e r r o r s  i n  t h e  m e a s u r e d  s p i n  d e n s i t y .
I I I .  E l i m i n a t i o n  o f  t h e  c o n t r i b u t i o n  o f  r e l a x a t i o n  m e c h a n i s m s  
p l a c e s  c o n s t r a i n t s  o n  t h e  i m a g i n g  s e q u e n c e s  : To  a l l o w  c o m p l e t e  
T r e l a x a t i o n  l o n g  r e p e t i t i o n  t i m e s  a r e  n e c e s s a r y  a n d  t h i s  m a y  
m a k e  i m a g e  a c q u i s i t i o n  t i m e  u n a c c e p t a b l y  l o n g .  S i m i l a r l y  
t i s s u e s  w i t h  s h o r t  T2 n e c e s s i t a t e  v e r y  s h o r t  e c h o  t i m e s  t o  
a v o i d  s i g n a l  a t t e n u a t i o n .
S e l e c t i o n  o f  t h e  i m a g i n g  s e q u e n c e  p a r a m e t e r s  i s  t h e r e f o r e  a  
c o m p r o m i s e  d e p e n d a n t  o n  w h i c h  o f  t h e  t i s s u e  p a r a m e t e r s  i s  t o  b e  
e m p h a s i z e d .  T h e  r a n g e  o f  s p i n  d e n s i t i e s  i n  t h e  s o f t  t i s s u e s  o f  
t h e  b o d y  i s  s m a l l  s o  i t s  c o n t r i b u t i o n  t o  i m a g e  c o n t r a s t  i s  
l i m i t e d .  C o n v e r s e l y  t h e r e  i s  c o n s i d e r a b l e  v a r i a t i o n  i n  t h e  T  ^
r e l a x a t i o n  t i m e s  e n a b l i n g  c l e a r  c o n t r a s t  b e t w e e n  d i f f e r e n t  
t i s s u e s  t o  b e  g e n e r a t e d .  T h e  r a n g e  o f  t i s s u e  T2 v a l u e s  i s  
g e n e r a l l y  n o t  a s  b r o a d  b u t  i s  e x p l o i t e d  i n  s e v e r a l  c a s e s  
n o t a b l y  i n  b r a i n  e x a m i n a t i o n  b e c a u s e  o f  t h e  p r o l o n g e d  T2 o f  
c e r e b r o - s p i n a l  f l u i d .
T h e  e x p e r i m e n t a l  i m a g i n g  s e q u e n c e s  u s e d  t h r o u g h o u t  t h i s  w o r k  
e m p l o y  t h e  p h a s e  e n c o d i n g  t e c h n i q u e  o f  t h e  s p i n - w a r p  i m a g i n g  
s e q u e n c e  o f  E d e l s t e i n  e t  a l . ( s e e  s e c t i o n  2 . 3  a n d  
E d e l s t e i n  e t  a l . (1980)) c o m b i n e d  w i t h  t h e  H a h n  s p i n  e c h o  ( s e e
s e c t i o n  1.6) . S l i c e  s e l e c t i o n  i s  a c h i e v e d  b y  u s i n g  a  s i n e  
m o d u l a t e d  r f  p u l s e  c o m b i n e d  w i t h  a  f i e l d  g r a d i e n t  Gz a n d  a  
g r a d i e n t  r e f o c u s i n g  p u l s e  a s  d e s c r i b e d  i n  s e c t i o n  2 . 3 .  I m a g e  
r e c o n s t r u c t i o n  f r o m  t h e  s t o r e d  F I D s  i s  a c h i e v e d  b y  2 D F T .
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Spin Echo Sequence.
T h e  s p i n  e c h o  i m a g i n g  s e q u e n c e  i s  i l l u s t r a t e d  i n  F i g  2 . 8 .  T h e  
e c h o  i s  s a m p l e d  d u r i n g  t h e  a p p l i c a t i o n  o f  a  c o n s t a n t  g r a d i e n t  
G . F o u r i e r  t r a n s f o r m a t i o n  p r o v i d e s  a  o n e  d i m e n s i o n a l
X
p r o j e c t i o n  o f  t h e  s p i n  d e n s i t y  i n  t h e  x - d i r e c t i o n .  T h e  
d e p h a s i n g  e f f e c t  o f  G i s  b a l a n c e d  b y  t h e  a p p l i c a t i o n  o f  a n  
x  g r a d i e n t  G ' p r i o r  t o  t h e  1 8 0 °  p u l s e  s u c h  t h a t
G ' d t  x0
G d t  . . . ( 2 . 1 5 )x
w h e r e  x i s  t h e  i n t e r v a l  b e t w e e n  t h e  9 0 °  a n d  1 8 0 °  p u l s e s  a n d
TE e q u a l s  2 x  i . e .  t h e  t i m e  f r o m  t h e  9 0 °  p u l s e  t o  t h e  c e n t r e  o f  
t h e  e c h o .
P h a s e  e n c o d i n g  i s  a c h i e v e d  i n  t h e  y  d i r e c t i o n  b y  t h e  
a p p l i c a t i o n  o f  a  g r a d i e n t  p u l s e  Gy w i t h  t h e  p r o f i l e  o f  a  h a l f  
s i n e  w a v e .  T h e  s t r e n g t h  o f  G^ i s  v a r i e d  f o r  e a c h  a p p l i c a t i o n  o f
t h e  p u l s e  s e q u e n c e  a s  d e s c r i b e d  f o r  s p i n  w a r p  i m a g i n g .  T h e
r e p e t i t i o n  t i m e  f o r  t h e  s e q u e n c e  i s  d e n o t e d  b y  T . T h e  e c h o
a m p l i t u d e  f o r  t h e  s e q u e n c e  c a n  b e  d e s c r i b e d  b y  ( Vounj
Mte =  mJ i  -  e x p  < - + / + ) ] . e x p  < - T E / T 2) . . . ( 2 . 1 6 )
w h i c h  f o r  T »  T r e d u c e s  t oR 1
M = M . e x p ( - T E / T  ) . . . ( 2 . 1 7 )TE 0 2
A t  t h e  o t h e r  e x t r e m e  s e t t i n g  t h e  e c h o  t i m e ,  TE,  t o  b e  s h o r t
r e d u c e s  t h e  T2 d e p e n d e n c e  o f  t h e  s i g n a l  s t r e n g t h  a n d  w i t h  a  
f a s t  r e p e t i t i o n  r a t e  t h e  s i g n a l  b e c o m e s  m o r e  d e p e n d a n t  o n  t h e  
T ( k n o w n  a s  ' T  w e i g h t i n g ' ) .  T h i s  s e q u e n c e  i s  c o m m o n l y  u s e d
w i t h  l o n g  r e p e t i t i o n  t i m e s  a n d  e x t e n d e d  TE t o  d e v e l o p  c o n t r a s t
d e p e n d a n t  d o m i n a n t l y  o n  T2 ( ' T  w e i g h t i n g ' ) .
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F i g  2 . 8  S p i n  e c h o  I m a g i n g  S e q u e n c e .
I n v e r s i o n  -  R e c o v e r y  S e q u e n c e .
T h e  i n v e r s i o n  -  r e c o v e r y  s e q u e n c e  e x p l o i t s  t h e  v a r i a t i o n  i n  T 
r e l a x a t i o n  t i m e s  t o  p r o d u c e  t i s s u e  c o n t r a s t  i n  i m a g e s .  T h e
s e q u e n c e  i n v o l v e s  a n  i n v e r s i o n  o f  t h e  s p i n  m a g n e t i s a t i o n  b y  a
1 8 0 °  p u l s e  a n d  a f t e r  a  p e r i o d  o f  r e c o v e r y  d e n o t e d  b y  T t h e
m a g n e t i s a t i o n  i s  s a m p l e d .  I n  t h e  u s u a l  i m p l e m e n t a t i o n  o f  t h i s  
s e q u e n c e  t h e  s i g n a l  i s  s a m p l e d  i n  t h e  f o r m  o f  a  s p i n  e c h o  ( a s  
d e s c r i b e d  a b o v e )  s o  t h e  s e q u e n c e  c a n  b e  d e s c r i b e d  b y  t h e
n o t a t i o n  1 8 0 °  -  T -  9 0 °  -  t  -  1 8 0 °  -  e c h o  ( F i g  2 . 9 )  .
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F i g  2 . 9  I n v e r s i o n  -  R e c o v e r y  I m a g i n g  S e q u e n c e .
f
#
f
1— i t
■ i H
T h e  g e n e r a l  e x p r e s s i o n  d e s c r i b i n g  t h e  s i g n a l  a m p l i t u d e  a t  t h e  
e c h o  i s  ( Vouxj
Mte = M 0 ^ “ 2 e x p  ( - T ^ / T ^ )  + e x p  ( - T R / T ^ ) e x p  ( - T E / T  ) . . . ( 2 . 1 8 )
T h e  u s u a l  m e t h o d  o f  i m a g e  d i s p l a y  u s e s  o n l y  t h e  m a g n i t u d e  o f  
t h e  s i g n a l  t o  d e t e r m i n e  t h e  i m a g e  i n t e n s i t y .  T h i s  m a y  
c o m p l i c a t e  t h e  i n t e r p r e t a t i o n  o f  i m a g e  d a t a  s i n c e  t h e  s i g n a l  
m a g n i t u d e  f r o m  t i s s u e s  w i t h  v e r y  s h o r t  a n d  v e r y  l o n g  T v a l u e s  
m a y  b e  s i m i l a r .  T h e  s i g n a l  f r o m  a  s p e c i f i c  t i s s u e  c h a n g e s  f r o m  
a n e g a t i v e  t o  a  p o s i t i v e  v a l u e  p a s s i n g  t h r o u g h  z e r o  w h e n  T i s  
g i v e n  b y
T = T ln2/ 1 + exp(-T /T ) ...(2.19)
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J u d i c i o u s  s e l e c t i o n  o f  T e n a b l e s  t h e  c o n t r i b u t i o n  f r o m  a  
p a r t i c u l a r  t i s s u e  t o  b e  m i n i m i s e d  g i v i n g  c o n t r a s t  e n h a n c e m e n t  
f o r  t h e  r e m a i n i n g  t i s s u e  i n  t h e  i m a g e .  T h i s  t e c h n i q u e  w a s  
e m p l o y e d  b y  B y d d e r  t o  e l i m i n a t e  t h e  s i g n a l  f r o m  t h e  a n t e r i o r  
f a t  r i m  o f  t h e  a b d o m e n  a s  t h i s  w a s  c o n t r i b u t i n g  t o  m o t i o n  
r e l a t e d  a r t e f a c t s  ( B y d d e r  a n d  Y o u n g  ( 1 9 8 5 ) ) .  F o r  s i g n a l  
e l i m i n a t i o n  T m u s t  b e  0 . 6 9 T  a n d  t h e  r e p e t i t i o n  t i m e  Ti 1 . R
g r e a t e r  t h a n  5 T  .
T h e  c o n t r i b u t i o n  t o  t h e  s i g n a l  f r o m  t h e  T2 r e l a x a t i o n  f u r t h e r  
c o m p l i c a t e s  t h e  d e v e l o p m e n t  o f  c o n t r a s t  b u t  u s u a l l y  e n h a n c e s  i t  
a t  t h e  e x p e n s e  o f  s i g n a l  s t r e n g t h .  S h o r t  TE v a l u e s  c a n  b e  
e m p l o y e d  t o  r e d u c e  T2 c o n t r i b u t i o n .
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THREE
CHAPTER
INSTRUMENTATION
3.1 Introduction.
T h e  i n s t r u m e n t a t i o n  f o r  M a g n e t i c  R e s o n a n c e  I m a g i n g  h a s  i t s  
o r i g i n s  i n  p u l s e d  NMR s p e c t r o s c o p y .  T h e r e  h a s  b e e n  c o n t i n u o u s  
d e v e l o p m e n t  i n  t h e  s o p h i s t i c a t i o n  a n d  a b i l i t y  o f  t h e  e q u i p m e n t  
s i n c e  t h e n  a n d  t h r o u g h o u t  t h e  p e r i o d  o f  t h i s  r e s e a r c h  a n d  a  
s i g n i f i c a n t  o r i g i n a l  c o n t r i b u t i o n  h a s  b e e n  m a d e .
A n o v e l  s y s t e m  f o r  s y n c h r o n o u s  c o n t r o l  o f  NMR e x p e r i m e n t s  h a s  
b e e n  d e v e l o p e d  a n d  s u c c e s s f u l l y  i n c o r p o r a t e d  w i t h i n  t h e  i m a g i n g  
s y s t e m .  B a s e d  o n  t h e  m i c r o p r o g r a m m i n g  c o n c e p t  t h i s  n e w  s e q u e n c e  
c o n t r o l l e r  p r o v i d e s  s i m u l t a n e o u s  a n a l o g u e  a n d  d i g i t a l  c o n t r o l  
o v e r  t h e  r f ,  f i e l d  g r a d i e n t s ,  s p e c t r o m e t e r  a n d  d a t a  a c q u i s i t i o n  
c o m p o n e n t s  o f  t h e  i m a g i n g  s y s t e m .
T h e  f u n d a m e n t a l  s t r u c t u r e  b e h i n d  i m a g i n g  s y s t e m s ,  h o w e v e r ,  h a s  
r e m a i n e d  v i r t u a l l y  u n c h a n g e d  s i n c e  t h e i r  i n c e p t i o n  i n  t h e  e a r l y  
1 9 7 0 s .  A t  t h e  h e a r t  o f  a n y  s y s t e m  ( F i g  3 . 1 )  l i e s  t h e  m a g n e t  a n d  
f i e l d  g r a d i e n t  s y s t e m .  T h e  o b j e c t  u n d e r  i n v e s t i g a t i o n  i s  p l a c e d  
w i t h i n  t h e  m a g n e t i c  f i e l d  a n d  s u b j e c t e d  t o  p u l s e d  r f  r a d i a t i o n  
f r o m  a  p r o b e .  I n  m a n y  s y s t e m s  t h e  s a m e  p r o b e  i s  u s e d  t o  d e t e c t  
t h e  e m a n a t i n g  NMR s i g n a l  a n d  s o  p r o v i d e s  a  t a n g i b l e  l i n k
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F i g  3 . 1  I m a g i n g  S y s t e m  S c h e m a t i c .
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b e t w e e n  t r a n s m i s s i o n  a n d  d e t e c t i o n  s i d e s  o f  t h e  s p e c t r o m e t e r .  
F o l l o w i n g  p h a s e  s e n s i t i v e  d e t e c t i o n ,  a m p l i f i c a t i o n  a n d  
f i l t e r i n g ,  t h e  t r a n s i e n t  s i g n a l  i s  c a p t u r e d  a n d  s t o r e d  o n  a  
c o m p u t e r  f o r  a n a l y s i s .
F o r  e x p e r i m e n t a l  s u c c e s s  t o  b e  a c h i e v e d  s o m e  d e g r e e  o f  c o n t r o l  
o v e r  t h e  i n p u t s  t o  t h e  s p e c t r o m e t e r  m u s t  b e  m a i n t a i n e d .  U s u a l l y  
t h e  l e n g t h  a n d  s h a p e  o f  t h e  p u l s e s  a n d  t h e i r  s e p a r a t i o n  c a n  b e  
a d j u s t e d ;  T h e  f r e q u e n c y  o f  t h e  r a d i a t i o n  a n d  i t s  a m p l i t u d e  a r e  
v a r i a b l e  w h i l e  t h e  r a t e  o f  r e p e t i t i o n  o f  a n y  p a r t i c u l a r  p u l s e  
s e q u e n c e  i s  n o r m a l l y  s e t  b y  t h e  o p e r a t o r .  F o r  i m a g i n g  
a p p l i c a t i o n s  s p a t i a l  a n d  t e m p o r a l  v a r i a t i o n  o f  t h e  m a g n e t i c  
f i e l d  m u s t  a l s o  b e  c o n t r o l l e d  c o n c u r r e n t l y  w i t h  t h e  
s p e c t r o m e t e r .
A t  t h e  o u t s e t  c u r r e n t  i m a g i n g  s y s t e m s  l a c k e d  s u f f i c i e n t  
f l e x i b l i t y  i n  c o n t r o l  o f  t h e  f i e l d  g r a d i e n t s .  S e q u e n c e s  f o r  
i m a g i n g  t y p i c a l l y  h a d  ' h a r d  c o d e d '  s h a p e s  f o r  g r a d i e n t  a n d  
s y n t h e s i s e r  C o n t r o l .  S y n c h r o n i s a t i o n  w i t h  a n  e x t e r n a l  p u l s e  
p r o g r a m m e r  w a s  a l s o  r e q u i r e d .  G e n e r a t i n g  n e w  i m a g i n g  s e q u e n c e s  
r e q u i r e d  c o n s i d e r a b l e  t i m e  a n d  e f f o r t  a n d  t h e  r e s u l t i n g  c o d e  
w a s  d i f f i c u l t  t o  t e s t  a n d  a w k w a r d  t o  m o d i f y .
T h e  n e w  i m a g i n g  c o n t r o l l e r  d e v e l o p e d  d u r i n g  t h i s  r e s e a r c h  
a l l e v i a t e s  a l l  o f  t h e s e  p r o b l e m s .  I t  c o m b i n e s  t h e  f u n c t i o n  o f  
p u l s e  p r o g r a m m e r  w i t h  g r a d i e n t  a n d  s y n t h e s i s e r  c o n t r o l  a n d  
e m p l o y s  t h e  c o n c e p t  o f  m i c r o p r o g r a m m i n g  t o  p r o v i d e  f l e x i b i l i t y  
i n  i t s  u s e . -  T h e  h a r d w a r e  a n d  s o f t w a r e  d e v e l o p e d  a n d  t h e  
i n t e g r a t i o n  o f  t h e  c o n t r o l l e r  w i t h  t h e  i m a g i n g  s p e c t r o m e t e r  a r e  
d e s c r i b e d  i n  t h i s  c h a p t e r .
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3.2 The Controller.
3 . 2 . 1  I n t r o d u c t i o n .
T h e  e a r l y  d e v e l o p m e n t  i n  e x p e r i m e n t a l  c o n t r o l  f o r  NMR 
a p p l i c a t i o n s  f o c u s e d  o n  p u l s e  p r o g r a m m e r s .  A n u m b e r  o f  d e s i g n s  
w e r e  r e p o r t e d  t h a t  s u r p a s s e d  t h e  e a r l i e r  ' h a r d - w i r e d '  l o g i c  
c i r c u i t s  i n  t h e i r  f l e x i b i l i t y .  T h e s e  c o n s i s t e d  o f  a  s e r i e s  o f  
c o u n t e r s  a n d  r e g i s t e r s  t o  p r o v i d e  p r e c i s e  c o n t r o l  o v e r  t h e  
i n t e r p u l s e  s p a c i n g  a n d  p u l s e  l e n g t h s  ( f o r  e x a m p l e  T a y l o r ,  B o o t h  
a n d  A l l e n  ( 1 9 7 4 ) ,  S h e n n o y ,  R a m a k r i s h n a  a n d  S r i n i v a s e n  ( 1 9 7 6 )  
a n d  S a i n t - J a l m e s  a n d  B a r j h o u x  ( 1 9 8 2 ) ) .  R e q u i r e d  v a l u e s  w e r e  
i n p u t  b y  t h e  u s e r  v i a  t h u m b w h e e l s  o r  p o t e n t i o m e t e r s .
T h e  a d v e n t  o f  t h e  m i c r o p r o c e s s o r  l e d  t o  a  s e c o n d  f a m i l y  o f  
p u l s e  p r o g r a m m e r s  b a s e d  o n  a  s e q u e n c e  o f  s t o r e d  b i t  p a t t e r n s .  
T h e  i n t e r f a c e  t o  t h e  u s e r  v i a  a  k e y b o a r d  g r e a t l y  s i m p l i f i e d  t h e  
g e n e r a t i o n  a n d  e d i t i n g  o f  l o n g e r  a n d  m o r e  c o m p l e x  p u l s e  
s e q u e n c e s  ( f o r  e x a m p l e  A d d u c i  a n d  G e r s t e i n  ( 1 9 7 9 ) ) .
I m a g i n g  a p p l i c a t i o n s  r e q u i r e ,  a b o v e  a n d  b e y o n d  t h e  p u l s e  
p r o g r a m m e r ,  s i m u l t a n e o u s  c o n t r o l  o v e r  t h e  t h r e e  m a g n e t i c  f i e l d  
g r a d i e n t s  a n d  t h e  a m p l i t u d e  m o d u l a t i o n  o f  t h e  r f  p u l s e s  f o r  
s l i c e  s e l e c t i o n .  U n t i l  r e c e n t l y  s u c h  a n a l o g u e  c o n t r o l  r e m a i n e d  
t h e  d o m a i n  o f  m i n i - c o m p u t e r s  a n d ,  b e c a u s e  o f  t h e  c o s t  i n v o l v e d ,  
t h e  a v a i l a b i l i t y  o f  s u c h  s y s t e m s  f o r  r e s e a r c h  w a s  l i m i t e d .  T h e  
g r a d i e n t  a n d  r f  c o n t r o l  u s u a l l y  i n v o l v e d  t h e  o u t p u t  o f  
p r e p r o g r a m m e d  b i t - p a t t e r n s  t h r o u g h  a  n u m b e r  o f  d i g i t a l  t o  
a n a l o g u e  c o n v e r t e r s  ( D A C s ) , t r i g g e r e d  b y  t h e  p u l s e  p r o g r a m m e r .  
I m p l e m e n t a t i o n  o f  n e w ,  o r  m o d i f i e d  i m a g i n g  s e q u e n c e s ,  f o r  
e x a m p l e  f o r  f l o w  o r  d i f f u s i o n  m e a s u r e m e n t  o r  f o r  m u l t i - s l i c e  
i m a g e s ,  w a s  d i f f i c u l t  a n d  t i m e  c o n s u m i n g .  T h e  r e q u i r e d  s o f t w a r e  
m o d i f i c a t i o n s  o f t e n  m e a n t  l o n g  p e r i o d s  o f  ' d o w n t i m e '  f o r  t h e  
i m a g i n g  s y s t e m .
T h e  f l e x i b i l i t y  o f  t h e  r e s e a r c h  s y s t e m  a t  S u r r e y  h a d  a l r e a d y  
b e e n  i m p r o v e d  b y  r e p l a c i n g  t h e  ' p u l s e  p r o g r a m m e r '  ( t w o  m o d i f i e d  
F a r n e l l  p u l s e  g e n e r a t o r s )  ( B u s h e l l  ( 1 9 8 5 ) )  b y  a  m i c r o c o m p u t e r  
b a s e d  s o f t w a r e  p u l s e  g e n e r a t o r .  T h e  g r a d i e n t  a n d  r f  c o n t r o l  
w e r e  s t i l l  p r o v i d e d  b y  m i n i - c o m p u t e r .  To f u r t h e r  c o m p l i c a t e
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m a t t e r s  t h e  NMR s i g n a l s ,  h a v i n g  b e e n  s a m p l e d  b y  a  t r a n s i e n t  
r e c o r d e r ,  w e r e  s t o r e d  i n  t h e  s a m e  m i n i - c o m p u t e r  f o r  l a t e r  
p r o c e s s i n g .
F u r t h e r  i m p r o v e m e n t s  c o u l d  b e  m a d e  b y  s e p a r a t i n g  t h e  c o n t r o l  
a n d  p r o c e s s i n g  f u n c t i o n s  o f  t h e  m i n i - c o m p u t e r  : A  d e d i c a t e d
c o m p u t e r  c o u l d  t h e n  b e  a p p l i e d  t o  t h e  i n c r e a s i n g  d e m a n d s  o f  
d a t a  a n d  i m a g e  p r o c e s s i n g .
T h e  p r o g r a m m a b l e  c o n t r o l l e r  d e v e l o p e d  t o  f a c i l i t a t e  t h e s e  
i m p r o v e m e n t s  i n c o r p o r a t e s  b o t h  t h e  p u l s e  p r o g r a m m e r  a n d  t h e  
a n a l o g u e  c o n t r o l  r e q u i r e m e n t s .  T h e  h a r d w a r e  c o m p r i s e s  a  BBC
m o d e l  B m i c r o c o m p u t e r  w i t h  a  p r o p r i e t a r y  m e m o r y  e x p a n s i o n
(B) 1s y s t e m  ( C u b e  B e e b e x )  a n d  t w i n  1 8 0 K  5 -  i n .  d i s k e t t e  s t o r a g e .
T h e  d e s i g n  i s  b a s e d  o n  t h e  m i c r o p r o g r a m m e d  c o n c e p t  w h e r e b y
s y n c h r o n o u s  c o n t r o l  i s  p r o v i d e d  a t  b o t h  d i g i t a l  a n d  a n a l o g u e
o u t p u t s .  T h e  d e v e l o p m e n t  t i m e  f o r  n e w  i m a g i n g  r e g i m e s  i s
s u b s t a n t i a l l y  r e d u c e d  b y  e m p l o y i n g  a  l i b r a r y  o f  ' m i c r o r o u t i n e s '
f r o m  w h i c h  s e q u e n c e s  m a y  b e  q u i c k l y  c o n s t r u c t e d .
3 . 2 . 2  T h e  M i c r o p r o g r a m m i n g  C o n c e p t .
A 64 K  m e m o r y  a r r a y  m a y  b e  a r r a n g e d  a s  a  r e c t a n g u l a r  b l o c k  4K 
d e e p  a n d  1 2 8  b i t s  w i d e .  A m i c r o w o r d  o f  d a t a  ( 1 2 8  b i t s )  i s  t h e n  
a c c e s s e d  b y  s p e c i f y i n g  a  u n i q u e  a d d r e s s  i n  t h e  r a n g e  0 t o  4 0 9 5 .  
An i n c r e m e n t a l  c o u n t e r  p r o v i d e s  t h i s  a d d r e s s  a n d  e n a b l e s  
s e q u e n t i a l  a c c e s s  t o  a l l  m i c r o w o r d s  ( F i g  3 . 2 )  . B y  p r o g r a m m i n g  
t h e  c o u n t e r  i t  i s  p o s s i b l e  t o  s p e c i f y  a t  w h i c h  a d d r e s s  t h e  
s e q u e n c e  o f  c o n s e c u t i v e  m i c r o w o r d s  i s  t o  s t a r t .  I f  a  
m i c r o r o u t i n e  i s  n o w  d e f i n e d  a s  a  n u m b e r  o f  c o n s e c u t i v e  
m i c r o w o r d s  t h e n  s o m e  m e a n s  o f  m a r k i n g  t h e  e n d  o f  a  m i c r o r o u t i n e  
i s  r e q u i r e d  t o  p r e v e n t  t h e  a d d r e s s i n g  o f  u n w a n t e d  d a t a  b y  t h e  
c o u n t e r .  A s i n g l e  b i t  o f  t h e  d a t a ,  f e d  b a c k  v i a  c o n t r o l  l o g i c  
c i r c u i t s ,  p r o v i d e s  t h i s  e n d  o f  m i c r o r o u t i n e  m a r k e r .  T h i s  m a y  i n  
t u r n  b e  u s e d  t o  l o a d  t h e  c o u n t e r  w i t h  t h e  s t a r t  a d d r e s s  o f  t h e  
n e x t  r e q u i r e d  m i c r o r o u t i n e  ( F i g  3 . 3 ) .  B y  s p e c i f y i n g  t h e  o r d e r  
i n  w h i c h  m i c r o r o u t i n e s  a r e  t o  o c c u r  a h a r d w a r e  e q u i v a l e n t  o f  
s t r u c t u r e d  p r o g r a m m i n g  i s  a c h i e v e d .  T h i s  s e q u e n c e  o f  
m i c r o r o u t i n e s  -  o r ,  m o r e  a c c u r a t e l y ,  j u s t  t h e i r  s t a r t  a d d r e s s e s
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F i g  3 . 2  T h e  M i c r o p r o g r a m m i n g  C o n c e p t : ( s e e  t e x t )
6 4  K b y t e  
C O N T R O L L E R  
M E M O R Y
F F F ,
1 6  bit  C O U N T E R
1 2 7  b i t  C O N T R O L  DATA
A D D R E S S
P O I N T E R
OOO
□
L A T C H E S
0,
L O A D  C
DATA
L O G I C / C O N T R O L
E N D  O F  M I C R O R O U T I N E  BIT
C L O C K  0 | 4....
F i g  3 . 3  T h e  M i c r o p r o g r a m m i n g  C o n c e p t : ( s e e  t e x t )
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i s  c a l l e d  a  m i c r o p r o g r a m .  C o n t i n u o u s  c o n t r o l  o f  t h e  d a t a  
o u t p u t  i s  m a i n t a i n e d  b y  e n s u r i n g  t h a t  t h e  a d d r e s s  o f  t h e  
( n + l ) th m i c r o r o u t i n e  i s  m a d e  a v a i l a b l e  a t  t h e  c o u n t e r  l a t c h e s  
w h i l e  t h e  n th m i c r o r o u t i n e  i s  s t i l l  r u n n i n g .
M a n y  i m a g i n g  s e q u e n c e s  c o n t a i n  p e r i o d s  d u r i n g  w h i c h  t h e  
c o n t r o l l e d  p a r a m e t e r s  r e m a i n  c o n s t a n t  f o r  s o m e  t i m e .  A 
p r o g r a m m a b l e  c o u n t e r  d r i v e n  b y  a  f i x e d  f r e q u e n c y  c l o c k  i s  
e m p l o y e d  t o  c o n t r o l  t h e s e  t i m e d  p e r i o d s .  T h e  m i c r o p r o g r a m  m u s t  
n o w  a l s o  c o n t a i n  t h e  d a t a  f o r  t h e s e  t i m e d  i n t e r v a l s  a n d  a  l a b e l  
t o  d i f f e r e n t i a t e  t h e  d a t a  f r o m  t h e  m i c r o r o u t i n e  a d d r e s s e s .  T h e  
i n t e r v a l  ( o r  d e l a y )  t i m e r  p r o v i d e s  a  ' t i m e o u t '  s i g n a l  t o  t h e  
l o g i c  c o n t r o l .  T h i s ,  o r  t h e  e n d  o f  m i c r o r o u t i n e  s i g n a l ,  i s  u s e d  
t o  l o a d  t h e  n e x t  m i c r o r o u t i n e  a d d r e s s  o r  t h e  n e x t  t i m e d  
i n t e r v a l  d a t a  i n t o  t h e i r  r e s p e c t i v e  c o u n t e r s .  ( T h a t  w h i c h  i s  
t o  f o l l o w  h a v i n g  b e e n  p r e d e t e r m i n e d  f r o m  t h e  m i c r o p r o g r a m . )  
T h i s  e n a b l e s  u n i n t e r r u p t e d  c r o s s o v e r  f r o m  m i c r o r o u t i n e s  t o  
t i m e d  i n t e r v a l s  a n d  v i c e  v e r s a  ( F i g  3 . 4 )  . T h e  m i c r o r o u t i n e  
a d d r e s s  p o i n t e r  r e t a i n s  t h e  a d d r e s s  o f  t h e  f i n a l  m i c r o w o r d  o f  
t h e  p r e v i o u s  m i c r o r o u t i n e  t h r o u g h o u t  a n y  t i m e d  i n t e r v a l  s o  t h a t  
t h e  c o n t r o l  d a t a  i s  h e l d  c o n s t a n t  f o r  t h e  i n t e r v a l .
F i g  3 . 4  T h e  M i c r o p r o g r a m m i n g  C o n c e p t : ( s e e  t e x t )
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3.3.2 The Hardware.
T h e  m i c r o c o m p u t e r  a n d  d i s k  d r i v e s  p r o v i d e  a n  i n e x p e n s i v e  s y s t e m  
f o r  t h e  g e n e r a t i o n  a n d  s t o r a g e  o f  s o f t w a r e  a n d  d a t a .  I n  
c o n j u n c t i o n  w i t h  t h e  m i c r o c o m p u t e r  t h e  B e e b e x  m e m o r y  e x p a n s i o n  
s y s t e m  p r o v i d e s  a  s i m p l e  64K  m e m o r y  a d d r e s s i n g  f a c i l i t y  a n d  a  
v e r s a t i l e  i n t e r f a c e  f o r  t h e  a d d i t i o n a l  h a r d w a r e .
To r e d u c e  d e s i g n  a n d  p r o d u c t i o n  c o s t s ,  a n d  a l l o w  r a p i d  
c o m m i s s i o n i n g  a n d  t e s t i n g  a  m o d u l a r  d e s i g n  w a s  e m p l o y e d .  T h e  
m e m o r y  a r r a y  c a n  b e  c o n v e n i e n t l y  d i v i d e d  i n t o  e i g h t  i d e n t i c a l  
c h a n n e l s ,  e a c h  4K d e e p  a n d  1 6  b i t s  w i d e .  A n y  c h a n n e l  m a y  t h e n  
p r o v i d e  1 6  i n d i v i d u a l  c o n t r o l  l i n e s  o r ,  v i a  a  DAC,  a n a l o g u e  
s i g n a l s  w i t h  r e s o l u t i o n  o f  u p  t o  1 i n  6 4 K .
T h e  M e m o r y  M o d u l e .
S w i t c h  s e l e c t a b l e  a d d r e s s  d e c o d i n g  a l l o w e d  p o s i t i o n i n g  o f  a n  8 K 
m e m o r y  m o d u l e  i n  o n e  o f  e i g h t  p o s i t i o n s  i n  t h e  64 K  m e m o r y  m a p ;  
W he n l o a d i n g  d a t a  f r o m  t h e  m i c r o c o m p u t e r ’ a  1 3  b i t  a d d r e s s  
d e t e r m i n e s  w h e r e  i n  t h e  8 K o f  m e m o r y  t h e  d a t a  i s  t o  b e  w r i t t e n .
F i g  3 . 5  C o n t r o l l e r :  M e m o r y  M o d u l e .
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When  p r o v i d i n g  o u t p u t  f o r  e x p e r i m e n t a l  c o n t r o l  t h e  1 2  b i t  
m i c r o r o u t i n e  a d d r e s s  p o i n t e r  s e l e c t s  o n e  o f  t h e  4K,  1 6  b i t ,
c o n t r o l  w o r d s  ( F i g  3 . 5 )  . A s  t h i s  1 2  b i t  a d d r e s s  i s  c o m m o n  t o  
e a c h  o f  t h e  e i g h t  m e m o r y  m o d u l e s  t h e y  a r e  a l l  a d d r e s s e d  
s i m u l t a n e o u s l y  p r o v i d i n g  1 2 8  b i t s  o f  c o n t r o l  d a t a .
T h e  DAC M o d u l e .
F o r  t h e  p r o v i s i o n  o f  m o d u l a t e d  a n a l o g u e  c o n t r o l  s i g n a l s  a  DAC 
m o d u l e  w a s  d e s i g n e d  t o  l i n k  d i r e c t l y  t o  t h e  1 6  b i t  p a r a l l e l  
d a t a  o u t p u t  f r o m  a  m e m o r y  m o d u l e .  C o s t ,  c o n v e r s i o n  t i m e  a n d  
r e s o l u t i o n  l e d  t o  t h e  d e s i g n  o f  a  m o d u l e  t o  p r o v i d e  1 2  b i t  
m a g n i t u d e  c o n v e r s i o n  w i t h  o n e  f u r t h e r  b i t  c o n t r o l l i n g  t h e  
o u t p u t  p o l a r i t y .  T h e  a n a l o g u e  s i g n a l  a m p l i t u d e  i s  a  f r a c t i o n  o f  
t h e  r e f e r e n c e  v o l t a g e  d e t e r m i n e d  b y  t h e  b i n a r y  p a t t e r n  f r o m  t h e  
c o n t r o l  d a t a .  T h e  r e f e r e n c e  v o l t a g e  f o r  t h e  DAC i s  i t s e l f  t h e  
a n a l o g u e  o u t p u t  o f  a  s e c o n d  DAC d r i v e n  f r o m  t h e  m i c r o c o m p u t e r  
( F i g  3 . 6 ) .  P r o v i s i o n  i s  a l s o  m a d e  t o  c o n t r o l  t h e  p o l a r i t y  o f
V ref,+ 5V 0
F i g  3 . 6  C o n t r o l l e r :  DAC M o d u l e .
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t h e  o u t p u t  d i r e c t l y  f r o m  t h e  m i c r o c o m p u t e r  a n d ,  i f  n e c e s s a r y ,  
f o r c e  t h e  a n a l o g u e  o u t p u t  t o  z e r o .
T h e  C o n t r o l l e r  -  T i m e r  M o d u l e .
D u r i n g  t h e  e x e c u t i o n  o f  a  m i c r o p r o g r a m  t h e  c o n t r o l l e r  h a r d w a r e  
i s  g o v e r n e d  b y  a  s i n g l e  c o n t r o l l e r - t i m e r  m o d u l e  ( F i g  3 . 7 )  . A 
6 5 2 2  V e r s a t i l e  I n t e r f a c e  A d a p t e r  (VI A)  s e l e c t s  e i t h e r  t h e  
1 6  b i t  i n c r e m e n t a l  c o u n t e r  ( p r o v i d i n g  t h e  m i c r o r o u t i n e  a d d r e s s  
p o i n t e r )  o r  t h e  3 2  b i t  d e l a y  t i m e r  a s  r e q u i r e d  b y  t h e  
m i c r o p r o g r a m .  T h e  V I A  a l s o  p r o v i d e s  a  c l o c k ,  t h e  f r e q u e n c y  o f  
w h i c h  i s  p r o g r a m m a b l e  f r o m  t h e  m i c r o c o m p u t e r ,  t o  d r i v e  t h e  
c o u n t e r  a n d  t i m e r .  T h e  ' e n d  o f  m i c r o r o u t i n e '  a n d  ' t i m e o u t '  
s i g n a l s  a r e  f e d  b a c k  t o  t h e  V I A  t o  e n a b l e  c o n t i n u i t y  o f  
c o n t r o l .
T h e  V I A  a n d  t h e  p r o g r a m m a b l e  l a t c h e s  f o r  t h e  c o u n t e r  a n d  t h e  
d e l a y  t i m e r  a r e  ' m e m o r y  m a p p e d '  d e v i c e s .  T h e i r  a d d r e s s e s  m u s t  
o c c u p y  s o m e  o f  t h e  6 4K  m e m o r y  a v a i l a b l e  a n d  t h e r e f o r e  t h e y  
s l i g h t l y  r e d u c e  t h e  s p a c e  a v a i l a b l e  f o r  c o n t r o l  d a t a .
End of pR END OF TIMED DELAY
F i g  3 . 7  C o n t r o l l e r :  C o n t r o l l e r - T i m e r  M o d u l e .
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3.2.4 Integration with the Imaging Spectrometer.
F o u r  a n a l o g u e  c o n t r o l  p a r a m e t e r s  a r e  r e q u i r e d  f o r  M R I . T h e s e  
g e n e r a t e  t h e  r f  p u l s e  e n v e l o p e  a n d  m o d u l a t e  t h e  t h r e e  
o r t h o g o n a l  m a g n e t i c  f i e l d  g r a d i e n t s .  I n  a d d i t i o n  t o  t h e s e  s o m e  
s i m u l t a n e o u s  d i g i t a l  c o n t r o l  i s  r e q u i r e d  :
E i g h t  d a t a  l i n e s  a n d  t w o  a d d i t i o n a l  c o n t r o l  l i n e s  c o m m u n i c a t e  
w i t h  t h e  f r e q u e n c y  s y n t h e s i s e r ;
Two l i n e s  a r e  u s e d  t o  o p e n  r f  i s o l a t i o n  g a t e s  f o r  t h e  r f  p u l s e s  
a n d  t w o  l i n e s  t r i g g e r  t h e  NMR s i g n a l  d a t a  a c q u i s i t i o n  a n d  
t r a n s f e r  t o  t h e  p r o c e s s i n g  c o m p u t e r .  T h e  a n a l o g u e  c o n t r o l  i s  
p r o v i d e d  b y  f o u r  m e m o r y  m o d u l e s  -  e a c h  h a v i n g  a n  a s s o c i a t e d  DAC 
m o d u l e .  T h e  d i g i t a l  c o n t r o l  i s  p r o v i d e d  f r o m  o n e  a d d i t i o n a l
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m e m o r y  c a r d .  F i g  3 . 8  i s  a  s c h e m a t i c  r e p r e s e n t a t i o n  o f  t h e
c o n t r o l l e r ,  i t s  m e m o r y  m ap a n d  t h e  i n t e r f a c e  t o  t h e  i m a g i n g  
s p e c t r o m e t e r ,
3 . 2 , 5  T h e  S o f t w a r e .
T h e  d e s i g n  o f  t h e  s o f t w a r e  w a s  d e t e r m i n e d  b y  a  n u m b e r  o f  
c o n s t r a i n i n g  f a c t o r s  :
I .  T h e  r e q u i r e m e n t  o f  f l e x i b i l i t y  a n d  m i n i m u m  d o w n t i m e  f o r  
t h e  i n s t r u m e n t ;
I I .  T h e  s p e c i f i c  r e q u i r e m e n t s  o f  t h e  m i c r o p r o g r a m m i n g  c o n c e p t ;
I I I .  T h e  l i m i t e d  m e m o r y  a v a i l a b l e  i n  t h e  h o s t  m i c r o c o m p u t e r  a n d  
i t s  d i s k  s t o r a g e  s y s t e m .
T h e  d o m i n a n t  f a c t o r  a m o n g s t  t h e s e  w a s  t h e  r e q u i r e m e n t  t o  
g e n e r a t e  a n d  p r o v i d e  t h e  c o n t r o l l e r  w i t h  d a t a  i n  a  f o r m a t  
s u i t a b l e  f o r  m i c r o p r o g r a m m e d  c o n t r o l .  T h e  t i m i n g  d i a g r a m  o f  a  
t y p i c a l  i m a g i n g  s e q u e n c e  m a y  b e  a r b i t r a r i l y  d i v i d e d  i n t o  a  
n u m b e r  o f  p e r i o d s .  T h e s e  p e r i o d s  f o r m  t h e  m i c r o r o u t i n e s  a n d  
t i m e d  i n t e r v a l s  o f  a  g i v e n  m i c r o p r o g r a m  ( F i g  3 . 9 ) .  S o m e  
m i c r o r o u t i n e s  m a y  b e  r e p e a t e d  w i t h i n  a  p a r t i c u l a r  s e q u e n c e  a n d  
m a n y  w i l l  b e  c o m m o n  t o  o t h e r  i m a g i n g  s e q u e n c e s .  E a c h
m i c r o r o u t i n e  m a y  a l s o  b e  s u b - d i v i d e d  i n t o  i t s  c o m p o n e n t
' s h a p e s '  -  o n e  f o r  e a c h  a n a l o g u e  c h a n n e l  a n d  o n e  f o r  t h e  
d i g i t a l  c o n t r o l  l i n e s .  A n u m b e r  o f  t h e s e  s h a p e s  w i l l  b e  
r e p e a t e d  o n  s e v e r a l  o c c a s i o n s  w i t h i n  a  s e q u e n c e  a n d ,  a s  w i t h  
m i c r o r o u t i n e s ,  m a n y  a r e  c o m m o n  t o  o t h e r  s e q u e n c e s .  A s u i t e  o f  
p r o g r a m s  w a s  w r i t t e n  t o  f a c i l i t a t e  t h e  g e n e r a t i o n  o f  a  l i b r a r y  
o f  s h a p e s  a n d  m a i n t a i n  a n  i n d e x  o f  t h e m .  E a c h  s h a p e  c o u l d  b e  
d e s c r i b e d  p o i n t  b y  p o i n t  o r  b y  a n  a n a l y t i c a l  e x p r e s s i o n  o r  b y  a  
c o m b i n a t i o n  o f  t h e s e ;  T h e  g e n e r a t e d  s h a p e  c o u l d  b e  v i e w e d
g r a p h i c a l l y  a n d  n u m e r i c a l l y ,  p o i n t  b y  p o i n t ,  t o  c o n f i r m  t h e
v a l i d i t y  o f  t h e  d a t a .  T h i s  l i b r a r y  o f  d a t a  a n d  i t s  i n d e x  a n d
t h e  p r o g r a m s  f o r  g e n e r a t i n g  a n d  v i e w i n g  t h e  s h a p e s  w e r e  a l l  
s t o r e d  o n  a  s i n g l e  5-- i n .  d i s k .
B y  s e l e c t i n g  t h e  r e q u i r e d  s h a p e s  f r o m  t h i s  l i b r a r y  a  s e c o n d
d a t a  l i b r a r y  d e s c r i b i n g  i n d i v i d u a l  m i c r o r o u t i n e s  c a n  b e
c o n s t r u c t e d .  O n c e  a g a i n  t h e  s o f t w a r e  f o r  t h i s  d a t a  a m a l g a m a t i o n
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i n t e r v a l s  f o r  c o n t r o l .
a n d  f o r  v i e w i n g  t h e  d a t a  ( g r a p h i c a l l y  a n d  n u m e r i c a l l y )  t o g e t h e r  
w i t h  t h e  d a t a  i t s e l f  w a s  s t o r e d  o n  a  s i n g l e  5 -  i n .  d i s k .
T h e  f u n c t i o n  o f  t h e  r e m a i n i n g  s o f t w a r e  c a n  b e  b r o a d l y  d i v i d e d  
i n t o  t h r e e  a r e a s  :
I .  T h e  g e n e r a t i o n  a n d  s t o r a g e  o f  i m a g i n g  s e q u e n c e s ;
I I .  T h e  l o a d i n g  o f  t h e  d a t a  i n t o  t h e  c o n t r o l l e r  m e m o r y  a n d
I I I .  T h e  s u p e r v i s i o n  o f  t h e  c o n t r o l l e r  t h r o u g h o u t  a n  
e x p e r i m e n t .
An i m a g i n g  s e q u e n c e  c a n  b e  s i m p l y  d e f i n e d  a s  t h e  o r d e r  i n  w h i c h  
t h e  m i c r o r o u t i n e s  a n d  t i m e d  i n t e r v a l s  a r e  a r r a n g e d .  E a c h  
d e f i n e d  s e q u e n c e  i s  s t o r e d  a n d  i t s  t i t l e  i s  a d d e d  t o  a n  i n d e x .  
T h e  s e c o n d  p h a s e  b e g i n s  b y  p r e s e n t i n g  t h e  o p e r a t o r  w i t h  a  m e n u  
o f  p r e v i o u s l y  d e f i n e d  s e q u e n c e s  f r o m  w h i c h  a  s e l e c t i o n  i s  m a d e .  
T h e  o r d e r  o f  m i c r o r o u t i n e s  a n d  t i m e d  i n t e r v a l s  t h a t  c o n s t i t u t e
t h e  c h o s e n  s e q u e n c e  i s  l o a d e d  i n t o  t h e  m i c r o c o m p u t e r  m e m o r y .
T h e  s e q u e n c e  i s  t h e n  p r o c e s s e d  a n d ,  w h i l e  t h e  c o n t r o l  d a t a  i s
l o a d e d  i n t o  t h e  c o n t r o l l e r  m e m o r y ,  t h e  m i c r o p r o g r a m  i s
c o n s t r u c t e d  ( a l s o  w i t h i n ,  t h e  m i c r o c o m p u t e r  m e m o r y )  i n  t h e
f o l l o w i n g  m a n n e r  :
T h e  d a t a  c o r r e s p o n d i n g  t o  t h e  f i r s t  e l e m e n t  o f  t h e  s e q u e n c e  
-  a  m i c r o r o u t i n e  -  i s  r e a d  f r o m  t h e  d a t a b a s e  a n d  c o p i e d  i n t o  
t h e  c o n t r o l l e r  m e m o r y  m a p  s t a r t i n g  a t  t h e  l o w e s t  a d d r e s s  i n
e a c h  m e m o r y  m o d u l e ;  T h e  s t a r t  a d d r e s s  o f  t h i s  i n i t i a l
m i c r o r o u t i n e  (OOCftft i s  t h e  f i r s t  e l e m e n t  o f  t h e  m i c r o p r o g r a m .  
T h e  s e c o n d  e l e m e n t  o f  t h e  s e q u e n c e  i s  n o w  p r o c e s s e d  : I f  i t  i s  
a  m i c r o r o u t i n e  t h e n  i t s  c o r r e s p o n d i n g  d a t a  i s  c o p i e d  i n t o  t h e  
m e m o r y  map  s t a r t i n g  a t  t h e  l o w e s t  u n f i l l e d  l o c a t i o n ;  T h e  s t a r t  
a d d r e s s  i s  a p p e n d e d  t o  t h e  m i c r o p r o g r a m .  I f ,  h o w e v e r  t h e  s e c o n d  
e l e m e n t  o f  t h e  s e q u e n c e  i s  a  t i m e d  i n t e r v a l  t h e n  t h e
a p p r o p r i a t e  b i n a r y  d a t a  f o r  t h e  t i m e r  i s  a d d e d  t o  t h e
m i c r o p r o g r a m .
T h i s  p r o c e s s  c o n t i n u e s  u n t i l  t h e  e n d  o f  t h e  s e q u e n c e  i s
r e a c h e d .  Whe n a  m i c r o r o u t i n e  h a s  b e e n  u t i l i s e d  e a r l i e r  i n  a
s e q u e n c e  t h e n  i t  i s  n o t  n e c e s s a r y  t o  r e l o a d  t h e  r e l e v a n t  d a t a
i n t o  t h e  m e m o r y  m a p .  I n  t h i s  c a s e  a l l  t h a t  i s  r e q u i r e d  i s  t h a t  
t h e  a p p r o p r i a t e  s t a r t  a d d r e s s  i s  a d d e d  t o  t h e  m i c r o p r o g r a m .  A t  
t h e  e n d  o f  t h e  s e q u e n c e  a n  e n d  o f  m i c r o p r o g r a m  m a r k e r  i s  p l a c e d  
a s  t h e  f i n a l  e l e m e n t  o f  t h e  m i c r o p r o g r a m .  I t  i s  s t i l l  p o s s i b l e  
f o r  t h e  u s e r  t o  i n t e r a c t  w i t h  t h e  s e q u e n c e  a t  t h i s  s t a g e  a n d  
a d j u s t  e x p e r i m e n t a l  p a r a m e t e r s  :
T h e  n u m b e r  o f  r e p e t i t i o n s  o f  t h e  s e q u e n c e  f o r  s i g n a l  a v e r a g i n g  
c a n  b e  c h a n g e d  f r o m  a  d e f a u l t  v a l u e ;
T h e  l e n g t h  o f  e a c h  o f  t h e  t i m e d  d e l a y s  i n  t h e  s e q u e n c e  c a n  b e  
c h a n g e d ,  i f  r e q u i r e d ,  g i v i n g  f l e x i b l e ,  i n t e r a c t i v e ,  c o n t r o l  
o v e r  p u l s e  s e p a r a t i o n  a n d  f i e l d  g r a d i e n t  t i m i n g s .
T h e  f i n a l  p i e c e  o f  s o f t w a r e  f o r  s u p e r v i s i o n  o f  t h e  c o n t r o l l e r  
t h r o u g h  t h e  r u n n i n g  o f  t h e  e x p e r i m e n t  w a s  w r i t t e n  i n  a s s e m b l e r  
l a n g u a g e  t o  i m p r o v e  t h e  p r o c e s s i n g  s p e e d  o f  t h e  c o d e .  A 
s i m p l i f i e d  u n d e r s t a n d i n g  o f  t h e  i n t e r a c t i o n  b e t w e e n  t h e  c o d e  
a n d  t h e  c o n t r o l l e r  m a y  b e  o b t a i n e d  w i t h  r e f e r e n c e  t o  F i g  3 . 1 0  :
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I m m e d i a t e l y  p r i o r  t o  t h e  s t a r t  o f  a n  e x p e r i m e n t  t h e  l a t c h e s  o f
t h e  a m p l i t u d e  c o n t r o l  DACs a r e ,  u n d e r  s o f t w a r e  c o n t r o l ,  l o a d e d
w i t h  t h e  r e q u i r e d  d a t a .  T h i s  a m p l i t u d e  c o n t r o l  d a t a  u s u a l l y
r e m a i n s  c o n s t a n t  t h r o u g h o u t  a n  e x p e r i m e n t  f o r  a l l  b u t  t h e  DAC
c o n t r o l l i n g  t h e  p h a s e  e n c o d i n g  g r a d i e n t .  T h e  l a t c h e s  o f  t h e
m i c r o r o u t i n e  a d d r e s s  p o i n t e r  a r e  t h e n  r e s e t  ( t h e  f i r s t
m i c r o r o u t i n e  b e g i n s  a t  a d d r e s s  0 0 0  ) . F i n a l l y  a  m i c r o p r o g r a m16
e l e m e n t  p o i n t e r  i s  s e t  t o  t h e  s e c o n d  e l e m e n t  o f  t h e  
m i c r o p r o g r a m .
T h e  t r u e  s t a r t  o f  t h e  e x p e r i m e n t  i s  t r i g g e r e d  b y  t h e  o p e r a t o r  
p r e s s i n g  a n y  k e y  o n  t h e  c o m p u t e r  k e y b o a r d .  T h e  l a t c h e s  r e l e a s e  
t h e i r  d a t a  i n t o  b o t h  t h e  DACs a n d  t h e  c o u n t e r  f o r  t h e  
m i c r o r o u t i n e  a d d r e s s  p o i n t e r ;  T h e  c o u n t e r  s t a r t s  t o  i n c r e m e n t  
i m m e d i a t e l y  p r o v i d i n g  t h e  d i g i t a l  a n d  a n a l o g u e  o u t p u t s  f o r  
e x p e r i m e n t a l  c o n t r o l .  M e a n w h i l e  t h e  n e x t  e l e m e n t  o f  t h e  
m i c r o p r o g r a m  i s  r e a d  a n d  t h e  d e l a y  t i m e r  l a t c h e s  o r  t h e  
m i c r o r o u t i n e  a d d r e s s  p o i n t e r  l a t c h e s  a r e  l o a d e d  w i t h  t h i s  d a t a .  
T h e  c o n t r o l l e r  t h e n  w a i t s  f o r  t h e  ' e n d  o f  m i c r o r o u t i n e '  s i g n a l  
w h i c h  f o r c e s  t h e  i m m e d i a t e  d o w n l o a d i n g  o f  d a t a  t o  t h e  t i m e r  o r  
t h e  a d d r e s s  p o i n t e r .  T h e  o u t p u t  o f  c o n t r o l  d a t a  i s  
u n i n t e r r u p t e d  t h r o u g h  t h i s  c h a n g e o v e r .  T h i s  p r o c e s s  c o n t i n u e s  
a r o u n d  l o o p  A ( F i g  3 . 1 0 )  s t e p p i n g  t h r o u g h  a l l  t h e  m i c r o p r o g r a m  
e l e m e n t s  u n t i l  t h e  e n d  o f  m i c r o p r o g r a m  m a r k e r  i s  r e a c h e d .  I f  
t h e  s e q u e n c e  i s  t o  b e  r e p e a t e d  f o r  s i g n a l  a v e r a g i n g  p u r p o s e s  
t h e n  t h e  m i c r o p r o g r a m  p o i n t e r  i s  r e s e t  t o  t h e  f i r s t  e l e m e n t  o f  
t h e  m i c r o p r o g r a m .  T h e  r e a d  -  l o a d  -  w a i t  -  d o w n l o a d  - i n c r e m e n t  
p r o c e s s  o f  l o o p  A b e g i n s  a g a i n .  When s i g n a l  a v e r a g i n g  i s  
c o m p l e t e  t h e  a m p l i t u d e  c o n t r o l  DACs c a n  b e  r e p r o g r a m m e d  a n d  t h e  
s e q u e n c e  r e p e a t e d .  A t y p i c a l  2DFT s e q u e n c e  w o u l d  i n v o l v e  1 2 8  o r  
2 5 6  s u c h  i n c r e m e n t s  o f  t h e  a m p l i t u d e  c o n t r o l  DACs f o r  p h a s e  
e n c o d i n g  b e f o r e  t h e  c o n t r o l l e r  r e l i n q u i s h e s  i t s  c o n t r o l  t o  t h e  
m i c r o c o m p u t e r  ( a n d  t h e  o p e r a t o r ) .
An i n t e r r u p t  f a c i l i t y  w a s  p r o v i d e d  t o  a l l o w  s a f e  i m m e d i a t e  
s u s p e n s i o n  o f  t h e  s e q u e n c e  i f  n e c e s s a r y .  When t h e  i n t e r r u p t  w a s  
i n s t i g a t e d  (CTRL/BREAK o n  t h e  m i c r o c o m p u t e r )  a  s h o r t  p i e c e  o f  
c o d e  w a s  e x e c u t e d  t o  f o r c e  a l l  t h e  DAC o u t p u t s  t o  z e r o  -  
p r e v e n t i n g  t h e  d u t y  c y c l e  o f  t h e  g r a d i e n t  o r  r f  a m p l i f i e r s  f r o m
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b e i n g  o v e r d r i v e n .  F o l l o w i n g  s u c h  a n  i n t e r r u p t ,  o r  a t  t h e  e n d  o f  
a n  e x p e r i m e n t ,  t h e  c o n t r o l l e r  i s  i n i t i a l i s e d  b y  e x e c u t i n g  t h e  
c o n t r o l  p r o c e s s  a g a i n  t o  t h e  p o i n t  w h e r e  t h e  e x p e r i m e n t  c a n  b e  
r e s t a r t e d  b y  a  s i n g l e  k e y s t r o k e .
3 . 2 . 6  S u m m a r y .
T h e  c o n t r o l l e r  h a s  b e e n  e n o r m o u s l y  s u c c e s s f u l  i n  p r o v i d i n g  t h e  
p r e c i s i o n  a n d  f l e x i b i l i t y  o f  c o n t r o l  d e m a n d e d  b y  a n  i m a g i n g  
s y s t e m .  I t  p r o v i d e s  n o t  o n l y  t h e  s y n c h r o n o u s  r f  p u l s e  a n d  f i e l d  
g r a d i e n t  a n a l o g u e  c o n t r o l  b u t  a l s o  d a t a  a c q u i s i t i o n  t r i g g e r s ,  
f r e q u e n c y  s w i t c h i n g  a n d  i n t e r p u l s e  t i m i n g  f o r  t h e  i m a g i n g  
s e q u e n c e s .  T h e  p r i m a r y  u s e  o f  t h e  c o n t r o l l e r  w a s  t o  p r o v i d e  
v a r i a n t s  o f  t h e  t w o  d i m e n s i o n a l  i m a g i n g  e x p e r i m e n t .  H o w e v e r ,  
f o l l o w i n g  a  f e w ,  p u r e l y  s o f t w a r e ,  m o d i f i c a t i o n s  ~ m a i n l y  t o  t h e  
a s s e m b l e r  c o d e  -  i t  h a s  p r o v e d  c a p a b l e  o f  p r o v i d i n g  t h e  
n e c e s s a r y  c o n t r o l  f o r  3D i m a g i n g .  T h e  t w i n  p h a s e  e n c o d i n g  
r e q u i r e m e n t s  ( s e c t i o n  2 . 5 )  w e r e  s u c c e s s f u l l y  i m p l e m e n t e d  f o r  
6 4  x  6 4  p i x e l  c h e m i c a l  s h i f t  i m a g e s  -  o p e n i n g  u p  a  w i d e  r a n g e  
o f  r e s e a r c h  p o s s i b i l i t i e s .
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The superconducting magnet (Oxford Instruments Ltd.), although 
rated to 1.5T, was operated at 0.4T (17.15MHz proton
resonance) . It had superconducting shims for the removal of 
lower order residual inhomogeneities and was fitted with a 
combined room temperature shim / gradient coil set (also Oxford 
Instruments Ltd.). This reduced the available bore to a 12cm 
diameter but enabled considerable improvements to be made to 
the homogeneity over the imaging volume. A hollow perspex disc 
phantom 4.5cm in diameter and 1cm thick filled with copper 
sulphate solution was used as an aid to shimming. By observing 
the effect of adjusting the shims on a free induction decay 
(FID) it was possible to reduce the inhomogeneity to 
approximately 0.5ppm.
The field gradients had a maximum strength of ±2.5 Gem -1 
(x and y gradients) and ±3 Gem -1 (z gradient) . To achieve these 
maximum strengths the gradient drive inputs required a 
potential of 5V - the gradient generated being linearly related 
to the driving potential.
A whole body magnet was also available for imaging 
applications : This had a field strength of 0.15T (6.63MHz
proton resonance) and an available bore of approximately 60cm 
in diameter. There were no shim coils and a passive shimming 
regime was investigated in an attempt to reduce the excessive 
inhomogeneity - greater than 375ppm over a 40cm diameter, 1cm 
thick, central plane (see chapter 4).
3.3 Magnetic Fields.
64
3.4 The Spectrometer.
The original transmitter and receiver circuits were of modular 
design and similar to those of conventional pulsed NMR 
spectrometers (Fig 3.11). A Hewlett-Packard 3335A/001 frequency 
synthesiser provided continuous wave rf to the transmitter. The 
rf and the sine shape for selective excitation were combined in 
a Hatfield Instruments 'double balanced mixer' before passing 
through an rf isolation gate to the rf amplifier (ENI 3100L : 
100W broadband linear power with a gain of 50dB). The receiver 
utilised dual channel phase sensitive detection of the 
amplified signal prior to data capture. Details of the 
isolation gates, phase shifters and phase sensitive detectors 
can be found in previous work (Bushell (1985) ) . During the
course of this work the transmitter and receiver were replaced
by an equivalent unit designed and built by SMIS Ltd.
The filtered signals from the receiver were captured by a Data 
Laboratories 10 bit transient recorder before transfer to the 
Data General Eclipse mini-computer for processing and image 
display. This system was slow (15 minutes for reconstruction of 
128 x 128 pixel images), expensive (annual maintenance costs) 
and sometimes unreliable (due to the age of the computer
system). Since the control of the experiment had been upgraded
a system dedicated to the data capture, storage and image 
reconstruction could now replace the minicomputer. This 
requirement was fulfilled by a system based on a Tandon 286 PC 
with 1.2Mbyte memory and 20Mbyte hard disk (supplemented by a 
40Mbyte tape storage unit) from SMIS Ltd. A dual channel data 
capture 'plug in card' (DC32/10) replaced the transient 
recorder and a Vector 32 card (with an A T & T  DSP32 vector 
processor) provided the rapid processing requirements. Finally 
the image display facility driven by a Rasterex video card 
enabled clear presentation of the generated images.
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F r o m
C o n t r o l 1 e r :
G a t e  S i n e  r f
P u l s e s  r f  r e f .
T o  T r a n s i e n t  r f
R e c o r d e r  r e f .  S i g n a l
Fig 3.11 Spectrometer Details, (a) Transmitter, (b) Receiver.
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FOUR
CHAPTER
MAGNETIC FIELD PROFILING, ANALYSIS AND CORRECTION
4.1 Introduction.
The resistive whole body imaging magnet does not have a highly 
homogeneous field. Neither passive nor active shims were 
incorporated in its design. Attempts to improve the field 
homogeneity have, until now, been reliant upon minor 
adjustments to the relative positions of the main magnet coils 
combined with crude positioning of steel tubing outside the 
magnet frame. The former technique required a confident and 
dextrous engineer with expertise in a seemingly 'black art'; 
the latter a good deal of luck. Neither technique could be 
legitimately described as successful. With such a poorly 
homogeneous field spatial discrimination for imaging requires 
the application of strong field gradients. A strong field 
gradient, however, spreads the frequency spectrum from the 
imaging volume across a wide bandwidth. Improvements in the 
field homogeneity would therefore bring a number of advantages: 
Improvement in image resolution; The ability to resolve 
chemical shift information; Reduction in the high power demands 
of field gradient generation and easing of the broadband 
specification of the spectrometer.
A general theoretical framework within which magnetic field 
analysis can be undertaken in terms' of spherical harmonics was 
published in 1984 (Romeo and Hoult). Their analysis is 
redeveloped and extended in this chapter to generate practical 
solutions to the gross inhomogeneities. A new complete account 
of the mathematical basis for magnetic field description in 
terms of spherical harmonics is presented. Using strategic 
point measurements of the field and the derived mathematical 
concepts an analysis of the field variation has been undertaken 
revealing which harmonics are present and which are dominant.
A detailed and general basis for the correction of zonal 
harmonics using loops of ferro-magnetic material is given 
followed by the specific implementation on our magnet. The 
design of tesseral harmonics correction regimes is more 
complicated and so is only dealt with by the example of our 
specific requirements.
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4.2 Field Description in Terms of Spherical Harmonics.
In general a field may be described by a set of functions Tnm
called spherical harmonics. For a field with a finite value at 
the origin the field description is
T = C r2 P (cose)COSm(0-0) ...(4.1)nm nm nm
where C are constants; P (cose) are Ferrers associatednm nm
Legendre functions and r is the spherical polar coordinate. 
(See Fig. 4.1 and Table 4.1.)
Spherical harmonics may be divided into two orthogonal types:
zonal harmonics (where m = 0 ) and tesseral harmonics (m*0 ) which,
for ease of analysis, are dealt with separately.
Fig 4.1 The Coordinate System used for Field Analysis.
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Table 4.1 Ferrer's Associated Legendre Functions.
p
1 1
cose) = sine
p
2 1
cose) = 3sinecose
P
2 2
cose) = o ■ 2  _3sin e
P
3 1
cose) = t o m e  (5cos2e-l)
P
3 2
cose) = 15sin2ecose
P
3 3
cose) = 15sin3e
P
4 1
cose) = 5  . 3-sme(7cos e-3cose)
P
4 2
cose) = 1 5  . 2  _ . 2  _  .— s m  e (7cos e-1)
2
P
4 3
cose) = 105sin3ecose
P
4 4
cose) = 105sin4e
P
5 1
cose) = tosine(21cos4e - 14cos2e + 1) 
8
P
5 2
cose) = 1 0 5  < 2 .--J 3  .— s m  e(3cos e-cose)
P
5 3
cose) = 1 0 5  . 3 . n  2 n  j  ,— s m  e(9cos e - 1 )
2
P
5 4
cose) — 945sin ecose
P
5 5
cose) = 945sin5e
P
6 1
cose) = tosine(33cos5e - 30cos3e +  5cose) 
8
P
6 2
cose) = 1 0 5  . 2  , n 4 ^  -  n 2 _  , -  v— s m  e(33cos e - 18cos e +  1)
P
6 3
cose) = 3 1 5  . 3 _ 3 — .— s m  e(llcos e - 3cose)
P
64
cose) = 9 4 5  . 4 _  . -  -  2 _  n .— s m  e(llcos e - 1 )
P
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cose) 10395sinsecose
P
6 6
cose) = 10395sin5e
Table 4. 2 Legendre Functions.
P (cose) = 1
P2 (cose) = i(3cos2e - 1)
P (cose)
3
= i(5cos3e - 3cose)
P (cose)
4
= i(35cos4e - 30cos2e + 3)
P 5 (cose) = -(63cos5e - 70cos3e +  15cose) 
8
P (cose) 
6
= l-(231cos6e - 315cos4e + 103cos2e - 5) 
1 6
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The set of functions describing the zonal harmonics (i.e. m=0) 
is
T = C rn P (cose) ... (4.2)n n n
where P (cose) are the Legendre Functions (see Table 4.2)n
Along the z-axis, however, e=0 and eqn 4.2 reduces to
T = C zn ...(4.3)n n
i.e. the contribution of the zonal harmonic to the field
reduces to a Taylor series along the z-axis. An axial field 
plot (see section 4.3) should reveal the strength C of eachn
zonal harmonic (each n) of the field.
Zonal Harmonics.
Tesseral Harmonics.
The expression for the tesseral harmonics of the field
T = C r P (cose) cosm (0-ib) ...(4.4)nm nm nm
can be written as
ii
V d COSm(0-0) ...(4.5)Lu mm=l
where
w
d = V C rn P (cose) ... (4.6)m Li nm nmm= 1
Values of d can be obtained from the measured field bym J
expressing the field for fixed values of r and e (i.e. a
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circular plot coaxial with the z-axis) as a Fourier series
V a sin (m<f>) + b cos (m0) ...(4.7)
Li tn mm=l
Equating coefficients (of sinm0 and cosm0) reveals d and 0 -m
the amplitude and phase of the various degrees of field 
harmonic - from the following relationships:
d 2 = a 2 + b 2 ... (4.8)m m m
a
tan m0 = Dl ...(4 .9 )
m
Now all that remains is to determine the strength C and ordernm
n of any harmonic of degree d , i.e. solutions to eqn 4.6.
m
The product rnP (cos 0) may be expressed in terms ofnm
cylindrical radius coordinate r' and z. For a fixed value of r' 
this gives an expression for d as a power series in z. To
m
solve eqn 4.6 the infinite summation must be truncated, while
still providing meaningful information about the lower order
harmonics. The practical difficulties forseen in correcting 
inhomogeneities of higher orders led to the decision to 
terminate the series at n equal to 6 .
Combining the associated Legendre functions for P (cose)nm
(Table 4.1) with the coordinate relationships
r2 = z2 + r /2 . . . (4.1 0 a)
sine = E  . . . (4 .1 0b)
cose = E  . . . (4 .1 0 c)
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gives the following values for rnP (cose) (which will be
abbreviated to E )nm
= 1 n = 1 r'
n = 2 3r'z
n = 3 1.5r# (4z2 - r/2)
n = 4 2.5r'(4z3 - 3zr/2)
n = 5 1.875r'(8z4 - 12z2r ' 2 + r'4)
n = 6 2.625r'(8z5 - 20z3r /2 + 5zr'4)
= 2 n = 2 3r /2
n = 3 15r/2z
n = 4 7.5r ' 2 (6z2 - r/2)
n = 5 52.5r'2 (2z3 - zr/2)
n = 6 13.125r/2 (16z4 - 16z2r'2 = r /4)
n = 3 15r
n
, 3
n = 4 105r/3z
n = 5 52.5r/3(8z2 - r/2)
n = 6 157.5r,3(8z2 - 3zr/2)
= 4 n = 4 105r/4
n = 5 945r/4z
n = 6 472.5r/4 (10z2 - r'2]
n = 5 945r /5
= 6 10395r/S
n = 6 10395r/6 ...(4.11)
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The first six terms of eqn 4.6 can now be gathered and the 
tesseral components of the field expressed thus :
C E cos (0-0) +11 11 ^  v
C E cos (0-0) + C E cos2 (0-0) +21 21 ^ r 22 22 Y V
C E cos (0-0) + C E cos2 (0-0) + C E cos3 (0-0) +31 31 r ^ 32 32 ^ ^ 3 3 3 3 T ^
C E cos (0-0) + C E cos2 (0-0) + C E cos3 (0-0) +41 41 ^ v 4 2 4 2 ^ V 4 3 4 3 ^
C E cos4 (0-0) +4 4 4 4
C E cos (0-0) + C E cos2 (0-0 ) + C E cos3 (0-0) +
O l  O l  5 ti 5 ti 5 3 5 3
C E cos4 (0-0) + C E cos5 (0-0) +5 4 5 4 5 5 5 5 \Y Y i
c 6iE 6iCOS (0-0) + C 62E g2COs2 (0-0) + C 6 3E 6 3COs3 (0-0) +
C k 4E p; . tos 4 (0—0) + C E COS5 (0-0) + C E cos6 (0-0)
b q b b 5 6 5 6 6 6 6
... (4 .12)
which can be rearranged:
[ C E + C E + C E  + C1 1 1 1  2 1 2 1  3 1 3 1
[C E + C E + C2 2 2 2  3 2 3 2
[C E + C3 3 3 3
[C
E1 4 1 + c 5 :E1 5 1 + c 6 E1 6 1 ] COS (0-0) +
E2 42 + C_ E2 5 2 + E2 6 2 ] COS2 (0-0) +
E3 43 + C 5 :E3 5 3 + c 6 E3 6 3 ] COS3 (0-0) +
E4 44 + C 5 ■E4 5 4 + C 6 E4 6 4 ] cos4 (0-0) +
[c b !E5 5 5 + C 6 E5 6 5 ]cos5 (0-0 ) +
tCe E 6 6 6 ] cos6 (0-0 )
.. . (4.13)
Substituting from eqn 4.11 for the values of E and taking
n m
each harmonic (m) individually it is now possible to separate 
the coefficients of z (Table 4.3). It was deduced earlier 
(eqn 4.5 - eqn 4.8) that values of d could be obtained fromm
circular coaxial measurements of the field for fixed values of 
z (since z = rcose) . For each degree of harmonic the values of 
dm are plotted as a function of z. A polynomial in z (of order 
6~m) is fitted to each of the resulting curves. It is then 
possible, by equating coefficients of z with those in eqn 4.13 
above, to determine C .
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Table 4.3 Zonal Harmonic Coefficients.
1st Harmonic coefficients of cos (0-0) term
constant: C r' - C 1.5r ' 3 + C 1.875r'511 3 1 5 1
z : C 3r' - C 7.5r /3 + C 13.125r'521 41 61
z : C 6r' - C 22.5r /331 51
z3: C 10r' - C 52.5r'341 61
z4: C 15r'51
z5: C 2r'61
2nd Harmonic coefficients of cos2 (0-0) term
constant: C 3r /2 - C 7.5r /4 + C 13.125r/622 42 62
z : C 15r/2 - C 52r'4
2
Z
32 52
C 45r ' 2 - C 210r /442 62
z3: C 105r'252
z4: C 210r /262
3rd Harmonic coefficients of cos3 (0-0) term
constant: C 15r'3 - C 52.5r'533 53
z : C 105r/3 - C 472.5r/b43 63
z : C 420r'353
z3: C 12 60r'363
4th Harmonic coefficients of cos4 (0-0) term
constant: C 105r/4 - C 472.5r/644 64
z : C 945r /454
z2: C 472.5r'464
5th Harmonic coefficients of cos5 (0-0) term
constant: C 945r /555
z : C 10395r'565
6th Harmonic coefficients of cos6 (0-0) term
constant: C 10395r/666
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4.3 Magnetic Field Profiling.
The Larmor relationship between an NMR frequency and the 
strength of the magnetic field in which the nucleus lies 
(eqn 1 .6 ) is fundamental to magnetic field profiling.
Measurement of the non-uniformity of the field can be made 
simply by monitoring the variation in the resonant frequency of 
a homonuclear sample as a function of position within the 
magnet. The volume selective spectroscopic technique (Mackenzie 
et a l . (1987)) using a stimulated echo required complex field
gradient and rf pulse sequence control. The alternative, and 
chosen method, was to employ a small sample probe and a 
positioning device with which point measurements could be 
t a k e n .
The sample probe consisted of a nine turn coil, 1.5cm in 
diameter and 1.5cm in length and its associated tuning and 
matching capacitors. The coil itself was used to hold a sealed 
glass phial containing 1.5ml of water. A brass bolt and 
clamping ring attached the probe, mounted on a perspex disc, to 
the positioning device. This consisted of a mylar support for 
the probe on two parallel aluminium rods. These passed through 
the magnet bore and were attached to an aluminium disc at each 
end of the magnet. These discs were supported coaxially with 
the magnet in such a way that the whole of the device, and 
therefore the sample probe, could be rotated around the z-axis 
to angular positions e. The support could slide along the 
magnet bore to position the probe at any desired z coordinate. 
Finally the the support itself was designed in such a way that 
the probe could be clamped to it at any position r' radially 
from the z-axis.
Zonal Harmonic Evaluation.
An axial field plot is sufficient to determine the strength of 
the zonal harmonic. Point measurements were taken along the 
axis in the range z = -15cm to z = +15cm. The field strength 
was determined for each point by applying a single rf pulse
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with a low tip . angle (< 90°) and observing the resulting FID. 
The irradiating frequency was adjusted until the beat frequency 
between the applied and the induced rf was a minimum. The point 
field strength could then be calculated from the Larmor 
relationship. Increasing order least square polynomials are 
fitted to the data set (Appendix A) until a reasonable fit is 
obtained. The order chosen is determined to be the lowest for 
which the RMS residual value begins to level off. The 
coefficients of the chosen polynomial are the strengths of the 
zonal harmonics which contribute to the field. The full data 
set requires a third order fit (Fig 4.2) and this reveals the 
zonal harmonics given in Table 4.4.
Table 4.4 Calculated Zonal Harmonics of the Field, 
(Full Data set)
Harmonic Strength
C 0.149475o
C 2.1 x 10 "5
C_ -1.23 x 10 4
C 8.87 x 10“4
Tesseral Harmonic Evaluation.
Complete evaluation of the tesseral harmonics requires a number 
of coaxial (circular) field plots to be taken at different z 
positions. To visualise the field inhomogeneity the data 
(Appendix B) can be presented graphically as a plot of the 
field strength against angular position for each z position. 
Further, since there are seven sequential plots (in z) the data 
can be presented as a surface plot (Fig 4.3). Evaluating 
eqn 4.6 requires that the circular field plot be expressed as a
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Fig 4.2 (a) First, (b) Second and (c)(overleaf) Third Order
Fits to the Zonal Data (z equals -0.15 to +0.15).
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Fig 4.2 (see previous page)
Fourier series. Our probe could be accurately positioned at 15° 
intervals (24 points) and for Fourier analysis an interpolation 
routine was used to generate 64 values. The Fourier series 
coefficients up to the m = 8 term were calculated to ensure 
that the higher degree harmonics did not dominate. From these 
coefficients the amplitude, d , and phase, di , of each degreem m
harmonic were determined following eqn 4.8 and eqn 4.9 
(Table 4.5).
For each degree of harmonic the amplitudes d are fitted with am
polynomial in z. Equating the coefficients of z obtained 
(Table 4.6) with those derived in eqns 4.10 - 4.13 reveals the 
strength and order of each tesseral harmonic. The strengths of 
the individual harmonics are given in Table 4.7. In order to 
determine which are the dominant tesseral harmonics it must be 
remembered that they are proportional to C rn .
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Fig 4.3 Representation of the Magnetic Field Data as a 
Surface.
79
co 
c
n
Table 4.5 Tesseral Harmonics: Amplitude and Phase of Each 
Degree for z equal -0.1m to +0.15m.
z = - 0 .lm
z = -0.05m
z = - 0 .0m
Harmonic Amplitude, dm
(Tesla)
0 0.149555
1 0 . 1 1 x 1 0~ 4
2 0 . 6 x 1 0 -5
3 0.4 x 1 0 " 5
4 0 . 2 x 1 0 -5
5 0.7 x 1 0 ~ 6
6 0.3 x 1 0 " 6
0 0.149547
1 0 .14 x 1 0 " 4
2
00o x 1 0 " 5
3 0 . 2 x 1 0 “5
4 0 . 1 x 1 0 " 5
5 0 . 6 x 1 0 " 6
6 0.3 x 1 0 ”6
0 0 . 14 953
1 0 .16 X 1 0 " 4
2 0 ., 1 1 X 1 0 " 4
3 0 . 9 X 1 0 " 6
4 0 .. 1 X 1-* o 1 Ln
5 0 .. 8 X 1 0 " 6
6 0 ,. 6 X 1 0 “6
Phase, 0
m
(degrees)
-99.16 
16.54 
9. 94 
9. 91 
10.39 
11.07
-101.96 
-53.55 
0.76 
6.15 
7.42 
7 .80
-108.78 
-49.81 
21.42 
22.08 
19.32 
17 . 04
... cont
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. cont
Table
z = 0
z = 0
z = 0
4.5 Tesseral Harmonics: Amplitude and Phase of Each 
Degree for z equal -0.1m to +0.15m.
Harmonic Amplitude, d Phase, 0
05m
lm
.15m
(Tesl a) (degrees)
0 0 .14 9545 -
1 0 . 2 X 1 0 “4 -121.62
2 0 . 1 1 X 1 0 " 4 -31.68
3 0 . 2 X 10~5 29.21
4 0 . 2 X 1 0 “5 25.85
5 0 . 1 X 1 0~5 2 2 . 0 2
6 0.9 X 1 0 " 6 19.14
0 0 .14 9542 -
1 0 . 2 2 X 1 0 " 4 -106.60
2 0.14 X 1 0 ”4 3.11
3 0.3 X 1 0 -5 18.89
4 0 . 2 X 1 0 -5 27 .31
5 0 . 1 X 1 0 “5 26.52
6 0 . 1 X 1 0 " 5 23.75
0 0 .14 9478 -
1 0 . 2 1 X 1 0 " 4 -94.06
2 0.26 X 1 0~4 16.09
3 0.4 X 1 0 " 5 1 . 6 6
4 0 . 8 X 1 0~ 6 -37.82
5 0 . 2 X 1 0 " 5 -34.15
6 0 . 2 X 1 0 -5 -29.27
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Table 4.
m = 1
m = 2
m = 3
m = 4
m = 5
6 Coefficients of z for Polynomial Fit to Amplitudes 
d (Table 4.5) for Each (non-zero) Degree.
5thorder polynomial fit
constant: 1 . 6 x 1 0 “5
z : 6.4 x 1 0 “ 5
2z : 5.71 x 1 0 " 4
3z : - 3.855 x 1 0 ~ 3
4z : -5.4797 x 1 0 " 2
5z : 0.3900
4thorder polynomial fit
constant: 1 .1 x 1 0 5
z : 2.3 x 1 0 “ 5
2z : -5.52 x 1 0 ~ 4
3z : 1.619 x 1 0 " 3
4z : 3.4423 x 1 0 " 2
3rdorder polynomial fit
constant: 1 X 1 0 -6
z : 6 x io- 6
2z : 2.17 x 1 0 ~ 4
3z : -8.90 x io” 4
2ndorder polynomial fit
constant: 2 x 1 0 " 6
z : 1 X io” 6
2z : -2 . 8  x 1 0 " 5
lstorder polynomial fit
constant: ~ o
« 0
ti h » i0 order polynomial fit 
constant: 0
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The values for C rn for r = 0.2m are given (Table 4.8).nm
Furthermore for smaller values of r the contributions of the 
higher order harmonics decrease very rapidly. To check the 
validity of the spherical harmonic coefficients derived from 
the field measurements (Tables 4.4 and 4.7) the field data was 
reconstructed from the calculated harmonics. This reconstructed 
data set (Fig 4.4) was compared with the actual data and the 
difference between the two is also presented (Fig 4.5). 
Inspection of Fig 4.4 and Table 4.8 shows the dominant tesseral 
harmonics are T , T , T and T .21 22 31 41
The T22 harmonic has a frequency component of 2 ,  i.e. 
cos 2 (0-0 ) and is independent of z in strength but dependant on 
the square of the radial distance r' from the z-axis. i.e. 
|T22I oc 3r /2 (from eqn 4.11).
Table 4.7 Calculated Tesseral Harmonic Strengths.
Cnm 1 2 
1 - 1 0 ~ 7
3 4 5 6
2 9.14xl0_4 1. 09xl0~4
3 -2 . 26xl0~3 9.9 xlO " 5 2 . 1 xlO -5
4 1. 31xl0~2 4 . 58xl0-4 --9.0 xlO -5 8.9' xlO "5
5 -1 . 83x10-2 3 . 84xl0~4 6.4 xl 0~5 1 0 " 7 3 xlO -6
6 7 .14xl0-2 4.1 xlO -3 --8 . 8 xlO -5 -4 xlO " 6 1 xlO -6 1 x 106
Table 4.8 Calculated Tesseral Harmonics at r = 0 .2m
^ nC rnm 1 2
i - 1 CT8
3 .4 5 6
2 3.7 x 10" 5 4 xlO -6
3 -1.8 x 10" 5 10" 7 1 0 “7
4 2.1 x 1(T5 10“7 - 1 0 ' 8 10~8
5 - 6  x 1 0 " 6 1 0 " 7 1 0 -8 io~10 !-> O 1 VD
6 4 x 10~6 10~7 - 1 0 “ 9 - io" 10 IQ - 11 1Q 11
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Fig 4.4 Representation of a Reconstruction of the Field from 
the Spherical Harmonics.
The remaining dominant harmonics are all of unit frequency i.e. 
cos (0-0) . Their magnitudes, however, are also functions of z 
and radial distance, r', as follows :
| T | oc 3r' z oc 0 . 6z
21
which for
|T | oc 6r'z2 - 1.5r /3 constant r' oc 0.3z2-0.01231
(= 0 .2m)
|T | oc lOr'z2 - 7.5r/3z c< 2z2 - 0.06z341
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Fig 4.5 Difference between the Actual and the Reconstruct* Field Data.
8 5
4.4 Zonal Harmonics : Correction Systems.
Any system for the generation of pure zonal harmonics must have 
complete cylindrical symmetry since an asymmetry immediately 
introduces spatial variations dependent on <f>, i.e. tesseral 
harmonics. Passive correcting systems consist of a combination 
of rings of ferromagnetic material co-axial with z. The 
z component of the field induced by such a ring may be 
expressed as (following Romdo and Hoult (1984))
where x is the susceptibility of the material
A is the crossectional area of the ring
f is the spherical polar coordinate of any point on the
ring
r,e,a are as in Fig 4.6
P (cose) and P (cosa) are Legendre functionsn n+2
Along the z-axis e equals 0 and r equals z so eqn 4.14 reduces 
to
Expanding the first five terms of eqn 4.15 and setting f to 
unity gives :=
X  B sina.A a'z r* (n+1) (n+2)P (cosa) . . . (4.14)n+2
(n+2 )P (cosa)n+2 . . . (4.15)
dB
X  B sina.AZ |^2P 2 (cosa) 2+ z.6P 3 (cosa) + z .12P^(cosa) + 
sa) + z4. 30Pg (cosa) 1 ...(4.16)
z 2
z3 .20Ps(cos
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zFig 4.6 The Coordinate System used for Zonal Correction.
A  combination of two rings at angles a and cc2 with cross 
sectional areas A and A 2 respectively produces a power series 
expression in z:
X  B z  r  2 3  4"]dBz =    p  + B z + C z + D z + E z j ...(4.17)
where the coefficients, with expanded Legendre functions, are:
2 1 2lh — A sina (3cos a - 1) + A s m a  (3cos a - 1)I I  1 2 2  2
1 2 , 2(B = 3A sina cosa (5cos a - 3) + 3A sina cosa (5cos a - 3)I I I  1 2 2 2  2
C = 5a  sina (35cos4a - 30cos2a + 3 )  +2 1 1 1 1
~A sina (35cos4a - 30cos2a + 3)2 2 2 2 2
5 4 2D = -2tosinaiCOSai (63cos a^  - 70cos a^  + 15) +
■|a  sina cosa (63cos4a - 70cos2a + 15)2 2 2 2  2 2
E = •—ttA sina (231cos6a - 315cos4a + 105cos2a - 5) +8 1 1  1 1 1
^s-A sina (231cos6a - 315cos4a + 105cos2a - 5)8 2 2  2 2 2
To produce any individual harmonic the parameters A , A , a^
and a are determined such that the unwanted terms are zero 2
valued. Practical considerations imposed the further condition
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that the rings are of equal radius to maintain maximum access 
to the magnet bore. Elimination of z and z3 terms may be 
achieved by setting coequal to 180 - (satisfying the equal 
radius condition). Elimination of the remaining unwanted even 
coefficient involves finding the solution to the particular 
expression. Therefore to eliminate z2 and leave a z4 gradient 
requires that :
35cos4a - 30cos2a + 3  = 0 ...(4.18)i i
4 * »Similarly to eliminate the z coefficient is chosen such 
that
231cos6a - 315cos4a + 105cos2a - 5 = 0  ...(4.19)i i i
Solving eqn 4.18 gives a=70.1° and 30.6° which generate
i t tl ■ *positive and negative 4 order gradients of magnitudes
11.62^;BzA/2 and 1 1 .77;<BzA/2 respectively with lower order
gradients annulled. Solving eqn 4.19 gives a=21.2°, 48.6° and
76.2°. With a=21.2° and 76.2° positive 2nd order gradients 
result with the latter providing the stronger solution of
4.09^BzA/2. a=48.6 reveals a negative 2nd order gradient with
magnitude 7.71^BzA/2 (Fig 4.7). First, third and fourth order 
gradients are all annulled with these solutions.
To isolate first and third order gradients requires further
analysis as follows : The change in the induced magnetic field 
caused by two rings of cross sectional areas A and A at
positions determined by angles and a2 (on the surface of
imaginary spheres of radii a and a2) is, by extension of
eqn 4.15, (and truncating the sum after five terms) :
4
y B since .A 
dB =    1 1 r [Zo 2 L a 2 a n=o ^ il i n V
(n+1 ) (n+2 )P (cosoc ) +n+2 1
, 4
y B since .A ^ z 2 2
2 UJ l Cl2 a n = 0 ^ 2'2
1(1]> (n+1) (n+2)P (cosa ) . . . (4.20)n+2 2
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This may be expressed as a power series in z
* T 2 3 4dB„ = -— -  A + B z + C z  + B z  + E z { ...(4.21)z
the expanded coefficients of which are :
A a 2
^ — — Lsina (3cos a - 1) +  sina2 (3cos a2 - 1)
a 2 11 2
3A 3A1 2 2 i 2[B =  sina cosa (5cos a - 3) +  sina cosa (5cos a - 3)3 1 1  1 3 2 2  2a 1 . 2 
3A 4
C = — — sina (35cos a - 30cos a + 3) +
2 a 4 1 1 1
1 3A
2-sina (35cos4a - 30cos2a„ + 3)
D =
2 a 4 2 2 2
5A1 2 4 2 sina cosa (63cos a - 70cos a + 15) +
2 a 5 1 1
1 5A2 4 2
 sina cosa (63cos a - 70cos a + 15)0 5 2 2 2 22a
!5A 62 4
 — sina (231cos a - 315cos a + 105cos a - 5) +
8a 6 1
1 15A
• — sina (231cos6a - 315cos4a + 105cos2a - 5)o 6 2 2 2 28a2
With this configuration the equal radius condition is satisfied 
if aisinai equals a2sina2. To find the solution to eqn 4.21 a 
minimisation routine was used. The solutions sought were,
i i t  2 3 4firstly, a finite z coefficient with the z , z and z
i t .  » » 3coefficients all minimised and, secondly, a finite z
i t  i 2 4 t i  . i tcoefficient with the z, z and z coefficients minimised. The 
routine implemented was a quasi-Newton algorithm (Gill and 
Murray (1972)) which, from a given starting point, generates a 
sequence of points which converge on a local minimum. These 
points are generated using estimates of the gradient and 
curvature of the function.
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Fig 4.7 Even Order Zonal Harmonic Correction Systems:
In each case the ferro-magnetic rings are equal in 
radius and cross sectional area.
(a) a = 76.2° :+2nd order gradient: 4.09^B .A/2.z2
z
(b) a = 48.6° :-2n order gradient: -7.71^B .A/2.z2
z
(c) cc = 70.1° :+4fc order gradient: 11.62^B .A/2.z4Z
(d) oc = 30.6° :~4th order gradient:-11. 77;*43 .A/2.z4Z
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The four parameters varied in the minimisation routine were:
1. The ratio of the cross sectional areas of the two rings
i . e . A /A . e . A /A .1 2  1 2
2. The radius of the sphere on which ring 1 lies i.e. a^.
3. The angle between ring 1 and the z-axis at the origin.
4. The angle a2 between ring 2 and the z-axis at the origin.
The radius of the sphere on which ring 2 lies, a2, is 
determined by the imposed condition that the rings must have 
equal radii coupled with the explicit knowledge of their 
angular positions and the radius of sphere 1. It should be 
noted also that the ring radius does not necessarily equal of 
the radius of the sphere on the surface of which it lies.
The solutions generated for first and third order gradients and 
the parameters that generate them are given in Table 4.9 and 
illustrated in Fig 4.8.
( a ) ( b )
Fig 4.8 Odd Order Zonal Harmonic Correction Systems: 
(a) First order; (b) Second order.
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First Order.
A  = 2.57A .2 1
a - 87.31°. a = 120.26°. a = 1.06. a = 1.22.1 2  1 2
Table 4.9 Odd Order Gradient Generation Parameters.
Harmonic Strength Percentage
(*B A /2) strength
z 1
z 2.8445 100
z2 -0.0667 2.34
z3 -0.0313 1.1
z4 0.1816 6.38
Third Order.
A = 1.54A .2 1
a = 78.67°. a1 2 = 125.61 . 1.29. a = 1.562
Harmonic
3z
z
Strength 
<*B A /2)Z 1
-1.963 
0.0029 
-0.0098 
0 . 0116
Percentage 
strength 
1 0 0  
0 .15
0.5
0.59
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4.5 Zonal Correction.
The full data set (z = -0.15m to z = +0.15m) required a third
* 3order fit (i.e. up to and including z terms) and therefore a 
correction system involving six rings of ferromagnetic 
material. However restricting the range of data to the region 
between z = -0.10m and z = +0.15m reduced the correction 
requirement. A linear (first order) fit to the limited data set 
(Fig 4.9) was sufficient to lower the RMS residuals of the fit 
to the same extent. The zonal harmonic strengths revealed by 
this fit are given in Table 4.10. Since the field variation now 
approximates to a function of z only a single correction system 
(two rings) is required.
Fig 4.9 First Order Fit to Zonal Field Data (Restricted to
z = -0.10m to z = +0.15m). Before Zonal Correction.
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Table 4.10 Calculated Zonal Harmonics of the Field. 
(Restricted Data set)
Harmonic Strength
C 0.149475
0 - 5C 2.7 x 101
A first order correction system of strength 2.8445z^BzA i/2 can 
be produced from two rings with a cross sectional area ratio of 
2.57. The first ring is placed on the surface of a sphere
(radius 1.06m) at angular position 87.31° and the second on the 
surface of a sphere (radius 1 .2 2m) at an angular position
120.26°. The dimensions of the magnet system impose the
constraint that the radius of the rings must be 0.305m (the 
outer diameter of the gradient coil former) . To achieve these 
radii the spheres must have the following radii :
a = - —  —  = 0.30534m
1 sin87.31
a = 0 , 3 0 5---  = 0.35311m ...(4.22)
sinl20.26
The effect of changing the radii of the spheres is, by
substitution into eqn 4.21, to increase the strength of the
first order gradient by a factor of 41.1 to :
dBz = 116.9z^BzA i/2 ...(4.23)
The ' unwanted' gradients generated by this configuration also 
change but they remain insignificant (Table 4.11).
The physical positions of the two rings can now be calculated :
z = 0.30534 cos87.31° = 1.43cm1
z = 0.35311 cosl20.2 6° = -17.79cm2
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Table 4.11 Actual First Order Gradient Generation Parameters.
A = 2.57A . a = 87.31°. a = 120.26°. a = 0.305. a = 0.353 2 1 1  2 1 2
Harmonic Strength Percentage
(xB A /2) strength
z  1
z 116.9 100
z2 1.197 1.02
z3 1.921 1.64
The susceptibility, Xr is dependant on the type of ferro­
magnetic material used. The saturation flux density for iron is 
equal to 2.16T at 40,000H (Kaye and Laby (1986)). Magnetic
induction is given by :
B = p (H + M) ... (4.24)
where the intensity of magnetisation, M, is given by :
M = % H ...(4.25)m
where x is the susceptibility of the material.m
The whole body magnet has a magnetic induction of 0.1495T.
The flux density is
„ 0.1495 0.1495 -no 7H = — ;— ■■— - ------ = 1 1 9 x 1 0  ...(4.26)air fi (1 +X . ) ti
o  a i r  o
which is well above that for saturation in iron.
B. = tiH(l+x. ) ...(4.27)iron o iron
2.16 = B (1+x ) ... (4.28)air iron
Therefore x = 1 3 . 5 .iron
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Finally the required cross sectional area of the iron rings can 
be calculated. The induced first order field gradient must be 
equal and opposite to that inherent in the magnet 
(« 2.7 x 10"5 Tm"1) .
1 1 6 x B A / 2  = 2.7 x 10"5 ...(4.29)z 1
Therefore A^ equals 2.2722 x 10~7 and, as A 2 must equal 2.57A^ 
(Table 4.9), A 2 equals 5.8396 x 10~7. The -appropriate cross 
sectional areas can be obtained using four and 1 0 turns 
respectively (A /A = 2 . 5 )  of wire of SWG 32 (diameter
0.2743mm).
Substituting these values into eqn 4.23 reveals a predicted 
gradient generated of 2.77 x 10~5 Tm" 1 which compares 
favourably with that required (2.7 x lO^Tm"1) .
The first order zonal correction system was implemented : Four 
turns of the iron wire were loosely twisted together. They were 
then attached around the outside of the former for the imaging 
gradient windings 1.4cm from the x-y plane in the positive 
z direction. 1 0 turns of the same wire were similarly attached 
approximately 17.8cm in the negative z direction.
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Results and Discussion.
An axial field plot was taken to determine the strengths of the 
residual zonal harmonics present. Fig 4.10 shows a first order 
fit to the data set and the zonal harmonics present are given 
in Table 4.12.
Clearly there has been a significant reduction in the c 
harmonic. The change in the field gradient (to approxiately 30% 
of its previous value) was, however, less than expected. Since 
only an approximate value of x has been used it may be most 
constructive to calculate from the observed correction a new 
value for x • This results in a value of 11.7 which suggestsiron
that iron wire with a slightly greater cross sectional area 
would have been required to provide the anticipated correction. 
The measurement of point field strengths carries an error (in 
terms of frequency) of ±50Hz and consequently any inhomogeneity 
measured over a volume must carry twice this error.The applied 
correction system reduced the zonal inhomogeneity to 
approximately 19 ± 16ppm. Before attempting further zonal 
correction it seemed wise to first consider the more arduous 
task of reducing some of the tesseral harmonic contributions to 
the field inhomogeneity. Furthermore, in the light of the 
errors present in the field measurement, fine tuning of the 
zonal harmonic correction would best be left until a 
measurement technique with greater precision is available..
Table 4.12 Calculated Zonal Harmonics of the Field. 
(After Correction)
Harmonic Strength
C 0.149540
C 7 x 10~61
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Fig 4.10 First Order Fit to Zonal Field Data (z = -0.10m to 
z = +0.15m). After Zonal Correction.
The axial inhomogeneity, over the region -10cm to +15cm, was 
improved from 50 ± 16ppm to 19 ± 16ppm. The strength of the Ci 
zonal harmonic reduced from 2.7 x 1 0 5 to 7 x 1 0 6 Tm 1.
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4.6 Tesseral Harmonics : Correction Systems.
The dominant tesseral harmonic components of the field were
shown in section 4.3 to be T , T , T and T . Correction22' 21' 31 41
systems for these for these harmonics therefore are of primary 
importance. Romeo and Hoult (1984) suggest a method of harmonic 
generation from a calculated coaxial distribution of 
ferromagnetic pieces. Particular distributions are able to 
generate harmonics of a single degree and a number of these may 
be placed to counter individual field harmonics present. Hoult 
and Lee (1985) derived from this earlier work a master equation 
for the correction of gross inhomogeneity. Their solution 
involved positioning bars of steel on a cylindrical surface 
parallel to the z-axis and symmetrical about the x-y plane. The 
bars are distributed so that unique harmonics are generated. 
The equation describing the effect of a ferromagnetic bar on 
the field is
H =
n r—. r
—  1  1n L— 1 *—n = 0 m = 0
(n-m+l)! P (cosa)'n+ 1, m
(n+m)! j-n+ 2f
h^0
r P  (cose) cosm (0-0)nm
gi3«£
. . . (4.30)
where £ = 1 for m = 0 and 2 for m * 0 ;m
h.^ 0 and g/30 are cylindrical polar coordinates of the ends of 
the bar.
The effect of a bar is to reduce the local field and one or 
more may therefore be placed to coincide with the peak or peaks 
of any particular harmonic present. This would, however, 
introduce other unwanted higher degree harmonics to the field. 
Instead of a single bar a pair of bars may be placed at angles 
± ^  relative to the azimuth of the harmonic. For a given m the 
final term of eqn 4.30 (cosm (0-0)) will be zero and 
introduction of that degree of harmonic is successfully 
prevented. To prevent the introduction of any combination of
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unwanted harmonics the bars are placed at angles given by :
To considerably ease the complexity of the correction system 
design only the field harmonics present in the x-y plane were 
considered. In the x-y plane those harmonics that are purely 
functions of z (i.e. (n-m) is odd) make no contribution.
T Harmonic Correction.22
In the x-y plane the phase angle 0 of the T22 harmonic is 
-49.81° (from table 4.5). The harmonic equation is
T 22 = 557cos2<0 + 49.81°) ...(4.32)
i.e. the peak to peak variation of the T22 harmonic of the 
field expressed in frequency units, at a radius of 0 .2m, is 
557 Hz.
Higher, even degree, harmonics would be introduced by 
positioning a bar at each of the harmonic peaks (-49.81° and 
130.19°). Using four bars at ±7.5° and ±37.5° relative to the 
harmonic peaks will suppress generation of 4th and 6th degree 
harmonics as described above. Finally the suppression of second 
degree harmonics of order n*2 must be considered. The odd 
function second degree harmonics T and T are zero in the^ 32 52
x-y plane; The remaining higher order harmonics for which
hy0
contributions need suppressing are T and T^ 42 62
This can be achieved if the term
P (cosct)n+1, m
f n+ 2 can be
g(3 0
forced to zero by the appropriate choice of the end positions 
of the bar. The T^ harmonic is proportional to P 7 2(cosa) which 
is zero for a = 39.7° and a = 65.1°. A bar with its ends at 
39.7° and (180 - 39.7) 140.3° or at 65.1° and (180 - 65.1)
100
114.9° will, therefore, generate no T . The T contribution62 4 2
-5890 (for a = 65.1) . By using two bars instead of one - the 
first with its ends at 39.7° and 140.3° and the second with 
ends at 65.1° and 114.9° T and T can be simultaneously42 62
suppressed. The equation for the strength of the generated T22 
harmonic using the above factors is :
A  is the cross sectional area of the second bar and 5.4 6 the 
ratio of the cross sectional areas (5890/1079). P 3 2(cosa) and
E22 are given in table 4.1 and eqn 4.11 respectively.
Allowing for the azimuthal distributions of bar pairs (at ±7.5° 
and ±37.5° relative to the harmonic peak) to suppress fourth 
and sixth degree harmonics the H22 component is, for the x-y 
plane :
The only remaining unknowns are the cross sectional areas of
the bars and the magnetic susceptibility x ♦ The lengths of the
bars used is dictated by their radial distance from the z axis
and the angles their ends subtend at the origin (49.8° and
100.6°). For bars positioned on the outer surface of the
gradient coil former of the magnet the lengths (from 2a/tana)
are 0.283m and 0.735m.(Fig 4.11) Substituting for a (=0.305m),
r ( = 0.2m) and H (=0.1495T x 42.577xl06) in eqn 4.34 shows that z -5the product ^A should be 6.84x10 to generate a harmonic of 
the required amplitude.
is proportional to P (cosa)/f6. For the angles given above for
6 oT suppression P (cosa) /f equals 1079 (for a - 39.7 ) and62 52
H E cos 2 (0-0 ) T P 32 (cosa) sin4a
-i 65.1
J114.9
+ 5 . 4 6 P 32 (cosa) sin4a ... (4.33)
D + 2(substituting for f using f = a/sina)
H = -0.277xH A —  cos2 (0 + 49.81°)22 z 4 v . . . (4.34)
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*
-jp—  73.5cm
28.3cm_
-180 -49.8 0 130.2 180
(a)
Fig 4.11 A  correction system for T22 harmonic with \jj - -49.81° 
showing the azimuthal distribution of bars relative to 
the harmonic peaks : (a) in the x-y plane; <b) on an
(unfolded) cylindrical surface.
T Harmonic Correction.nl
The complexity of the correction system design for the Tn 1
first degree harmonics is also reduced if only those harmonics 
present in the x-y plane are considered. T and T make no21 41
contribution here despite their importance at other locations. 
From table 4.8 the remaining dominant first degree contribution 
is T . A  correction system which suppresses the introduction 
of the T and T components and the higher degree harmonics 
is required. The equation describing the T harmonic at a 
radius of 0 .2m (in frequency units) is
T = 1 . 1 5 6 x l 0 3 c o s  (0 + 1 0 8 . 7 8 ° )  . . . ( 4 . 3 5 )
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By placing a bar at the maximum of the T harmonic (<p - 
-108.78°) and parallel to the z-axis the T harmonic can be 
eliminated. In the same manner as previously described, for T22 
correction, higher degree harmonic generation is suppressed by 
an azimuthal distribution of bars, relative to the harmonic 
peak. The relevant positions are ±97°, ±52.5°, ±37.5°and ±7.5°
i.e. solutions to eqn 4.31 for m equal to 2, 3 and 4. (The
contribution of 5th and 6th degree harmonics generated by this
I I  I I I !  1 1
*
<30_8am
4
32.4cm.
r\
-180 A0t.9 0 71.2 180
(a)
0 0
Fig 4.12 (a) A  correction system for the T harmonic with
0 = -108.78°. This introduces an additional T whichn
be corrected by the arrangement in (b). (c) The
shim arrangement on an (unfolded) cylindrical surface.
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arrangement are at least three orders of magnitude smaller than 
the first degree harmonics. The extra complexity required for 
their suppression was therefore deemed unnecessary.)
Adopting a similar approach as before, judicious choice of the 
bar lengths can, while generating the required T correction, 
prevent the introduction of any Tsi contributions : The T
contribution is proportional to P gi (cosa) . This is of zero 
value for a = 33.9° and 62.0°. An azimuthal distribution of 
bars with ends at a = 62° and (180 - 62) 118° will generate a 
correction for the T harmonic in the x-y plane of
So far no consideration has been made for the suppression of 
T components. At both the angles given above for which T isii ^ 51
zero the T contribution has the same sign. For this reason it
is impossible to directly eliminate both harmonics
simultaneously as has been shown possible for the second order
harmonic. The unwanted T contribution introduced by then
distribution suggested above is described by
It is possible to . eliminate this harmonic without 
re-introducing any T or T contributions : A bar placed at
the peak of the unwanted T harmonic, parallel to the z-axis, 
will suppress the harmonic. (*Note that there is a 180° phase 
shift from the peak of the original T ) The T contribution31 51
is, once again, zero if the ends of the bar are at either a = 
33.9° and 146.1° or 62° and 118°. For these two sets of angles 
the T contribution (« P (cosa) /sin5a ) has opposite sign and 
by using a pair of bars, as before, can be simply eliminated.
H = -0.4565xHzA cos (0-0) . . . (4.36)
T = -2.881*11 A cos (0-0 ) ... (4.37)
104
The strength of the T harmonic produced is
+ 7 .12 P (cosa) sin3a cos (0-0)
= 0.4092*H A(r/a3) cos (0-0)Z . . . (4.38)
To prevent higher degree harmonics being introduced an 
azimuthal distribution, of eight bar pairs, relative to the 
harmonic peak is used giving :
As with the second degree harmonic the only unknowns remaining 
are the cross sectional areas of the various shims and the 
magnetic susceptibility x ♦
The mathematical basis for the measurement and subsequent 
analysis of a magnetic field in terms of zonal and tesseral
our magnet have been calculated using the methods described. Of 
these the T and the T tesseral harmonics are significant in22 31 23
the x-y plane. Following the ideas of Romeo and Hoult (1984) 
and Hoult and Lee (1985) correction systems for these harmonics 
have been calculated and are presented. The correction of the 
zonal harmonics contribution has been calculated for up to the 
fourth order (z4) . A first order zonal correction system has 
been implemented in our magnet. The application of tesseral 
correction is the subject of future work.
H = 0 .2324*H Ar/a 3 cos (0-0)11 z . . . (4.39)
Summary.
harmonics has been presented. The dominant harmonics present in
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FIVE
CHAPTER
PERFUSION MEASUREMENT BY MRI
5.1 Introduction.
Ever since the consideration of diffusion effects on spin echo 
envelopes in the early definitive papers of Carr and 
Purcell (1954) and Hahn (1950) there has been a great deal of 
interest in the effect of molecular motion on magnetic 
resonance techniques. The nature of molecular motion may be 
considered to be either anisotropic (e.g. laminar flow) or 
isotropic (e.g. diffusion). The effect on the NMR signals of 
these two forms of motion can be easily separated as noted by 
Stejskal (1965) : 'The effect of diffusive processes is to
attenuate the signal while the effect of flow is to shift its 
p hase'.
With the advent of MRI the effects of molecular motion on image 
quality were once again an important issue. The diffusive 
processes were usually considered no further than as a T2 
effect while flow effects included decrease in local signal to 
noise ratio and 'ghost' images in 2DFT imaging. Much work has 
been undertaken on the measurement of flow and application of 
flow imaging since then while it has been only in recent years 
that imaging of diffusion has been considered (Wesby, Moseley 
and Erhman (1984); Taylor and Bushell (1985); Merboldt, Hanicke 
and Frahm (1985) ) . At the University of Surrey some earlier 
work had used NMR imaging to monitor the toxic effects of 
various drugs on the kidney (Bushell (1985), Green et a l . 
(1986) ) . Localised changes in T and T2 were correlated with 
specific areas of tissue damage. To enhance this earlier work a 
method of determining and differentiating between functional 
impairment and purely structural damage was required.
This chapter describes the development of a technique to 
determine a new imaging parameter - the Perfusion coefficient. 
This parameter provides a direct measure of isotropic flow and 
is ideal for monitoring change in kidney function. The 
mathematical basis for the separation of the perfusion and 
diffusion parameters is also described.
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The equation describing the signal amplitude during a spin echo 
experiment is complicated by the effects of diffusion in the 
presence of magnetic field variations. The random molecular 
diffusive motion causes random phase shifts amongst the 
individual spins leading to an attenuation of the net signal. 
The equation describing the echo attenuation (following Carr 
and Purcell (1954)) is :
S = S exp (2t/T ) .exp (-2-y2G2Dx3) ...(5.1)2T o 2 O
where D is the coefficient of self diffusion.
5.2 Diffusion Measurement by Magnetic Resonance.
By making measurements for a number of gradient strengths the 
diffusion coefficient can be determined. As the applied field 
gradient is increased, however, precise determination of the 
echo amplitude becomes more difficult because of the narrowing 
of the echo envelope. Furthermore the detector bandwidth 
requirements must also increase with increasing gradient and 
this degrades the available signal to noise ratio. The lowest 
practical (bulk) diffusion measurable by this method is of the 
order of 1 0 _5mm2s 1.
Stejskal and Tanner (1965) were able to considerably improve on 
this with the introduction of the use of time dependent field 
gradients. They presented the equation for the attenuation of 
the spin echo amplitude at time 2t for a sample with diffusion 
coefficient D :
ln (S (2T)'
I S = -y D F dt - 4f
,21
Fdt + 2f 2t . (5.2)
where F (t) = G(t)'dt' and f = F (t ) .
For the simplest solution - a gradient pulse of width 5 applied 
once between the 90° and the 180° rf pulses and once between 
the 180° and the spin echo (Fig 5.1); The second pulse at a
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time A after the first; and with negligible background 
gradients present - eqn 5.2 reduces to
In ^ Sg2T) j = -y2D52(A - ^5) G2 ...(5.3)
In this experiment the first gradient pulse produces a phase 
shift in the nuclear signal dependent on the instantaneous 
position of each nucleus in the direction of the field 
gradient. The second gradient pulse exactly undoes the effect 
of the first in the absence of diffusion. Any slight positional 
change due to the diffusive processes will, however, cause the 
phase refocusing to be incomplete. Only changes in position 
that occur between the two gradient pulses are important and, 
regardless of precisely when the change occurs during the 
interval A, the contribution to the phase change is the same. 
With the alleviation of the problems caused by the presence of 
an applied gradient during the echo in the Carr and Purcell 
method the lowest practical bulk diffusion measurable by this
- 7  2 - 1technique is of the order of 1 0 mm s .
Fig 5.1 Diffusion Measurement Sequence using Pulsed Field 
Gradients (Stejskal and Tanner (1965)).
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5.3 Diffusion Measurement by Magnetic Resonance Imaging.
Numerous works were published throughout the years following 
the early studies which modified, enhanced and applied 
diffusion measurement by NMR. In 1984, following investigations 
into significantly reduced observed T2 in an MR imaging 
experiment, Wesbey et a l . investigated the effects of molecular 
self diffusion in an imaging environment (Wesbey, Moseley and 
Erhman (1984)). The sensitivity to diffusion in their initial 
experiments was obtained by changing the slice selective 
gradient. In their initial phantom, and other in-vitro,
experiments the thickness of the sample determined the slice
thickness. This eliminated signal reduction problems that the 
increase in gradient would generate with longer phantoms. Their 
second method employed an external sample of known diffusion
coefficient (usually a doped H O sample). Self diffusion 
coefficients relative to the external reference could then be 
c a l c u l a t e d .  Fur thermore  Wesbey e t  a l .  used an e s s e n t i a l l y  
non-diffusing sample of dried glycerine to show that the signal 
reduction with increasing applied gradient was due only to 
diffusion. The major disadvantages of this comparative 
technique are those of partial volume effects and signal to 
noise reduction. In addition absolute measurements of the 
diffusion coefficient are not possible — only measurements 
relative to the external reference.
A number of publications of in-vivo measurement of the 
diffusion coefficient soon followed — each presenting a 
variation of the original work in an attempt to find the 
ultimate technique :
At the Society of Magnetic Resonance in Medicine 4th Annual 
meeting (1985) LeBihan et a l . presented a coronal 'diffusion 
map' of a human volunteer (LeBihan et al. (1985)). The two 
images used in this technique were obtained as follows :
The first from the fourth echo of a multi echo sequence; The 
second from a single spin echo with the echo time, TE, 
coincident with that of the fourth echo of the first sequence. 
The single echo sequence also used longer and stronger readout
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gradient pulse pairs (0.6 G.cm’1,41ms) (LeBihan and Breton 
(1985)).
The authors demonstrate that the second image is affected to a 
greater extent by the diffusion and produce their diffusion map 
from a pixel by pixel quotient of the original image pair. Once 
again absolute measurement of the diffusion coefficient by this 
technique is difficult : Here the complication of using
multiple selective rf pulses reduces the signal amplitude by 
reducing the slice thickness. This problem is circumvented by 
comparing two images from single spin echo sequences 
(Ahn et a l . (1986) d)) . Their images are differently sensitised
to diffusion by increasing the duration of the readout 
(frequency) encoding gradient in an otherwise conventional 2DFT 
imaging sequence. A further advantage of this process is that 
small residual gradients which arise from eddy currents can 
easily be corrected for by finding the time position of the 
echo centre. The pre-clinical test of an in-vivo application 
presented used a readout gradient of strength 0.25 G.cm 1, an
G c
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Fig 5.2 Imaging Sequence for Diffusion Determination using 
Variable Readout Gradients (Ahn et a l . (1986)cu).
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echo time of 14 0ms and a readout gradient duration, t , (Fig 
5.2) of 9ms and 60ms respectively for their two images. They 
presented calculated diffusion images of transverse sections 
through the heads of two volunteers which demonstrated "high" 
diffusion coefficients of cerebro-spinal fluid (CSF) in the 
ventricles.
A similar technique - a pair of single echo images with one 
sensitised to diffusion by an extra gradient pulse pair (on the 
slice selection gradient) - was presented by Taylor and Bushell 
(1985), (Fig 5.3). Their 'diffusion weighted' image of a hens 
egg was obtained from two image sequences with TE equal to 
54ms, one with additional gradient pulses of 2.5 G.cirf1 
(calculated from imaging a distilled water phantom with known 
D) and gradient pulse duration of 15ms (Bushell (1985)).
rf J V ■ 'x /U
i r y
G
J l
Fig 5.3 Diffusion Imaging Sequence using Additional Gradient 
Pulses Applied to G . (Taylor and Bushell (1985)).
I l l
5.4 Perfusion Measurement by Magnetic Resonance Imaging.
Other motions that, like diffusion, result in a random
distribution of phase shifts in the individual spins will also
lead to an attenuation of the echo amplitude.
Following a statistical approach Ahn et a l . (1986(2)) proposed
that blood flow in capillary vessels fell into this diffusive
category. Here the authors moved away from their previous
published technique for diffusion measurement employing twin,
single echo, sequences. For this work which they called
'Capillary Density Imaging' their sequences were as follows :
The first was a single spin echo sequence which, by virtue of
its (unspecified) structure allowed signal attenuation by
capillary flow to occur; In the second sequence flow
attenuation effects were eliminated by using the second echo of
a double echo sequence. The timing of this sequence was such
that T , T and diffusion attenuation were the same as for the 1 2
first sequence (TE2 = TE = 80ms) . This, preliminary, 
presentation provided no further detail on calibration of the 
technique. The authors presented a coronal image of a normal 
volunteer generated by subtracting the second image from the 
first (i.e. removing the signal from the stationary spins). The 
high intensity of the resultant image corresponded to areas of 
high capillary density.
LeBihan et al. also began to consider other non-diffusive 
motions which contributed to signal attenuation 
(LeBihan et a l . (1986)). They realised that their experiments
to quantitatively determine the diffusion coefficient were 
sensitive to all incoherent motions within each voxel. Where 
non-diffusive motions were present the result was an 'apparent 
diffusion coefficient' Such sensitivity prompted the use of the 
term 'Intravoxel Incoherent Motion imaging' or 'IVIM imaging'. 
The authors also acknowledge that the use of multi-echo 
sequences provided only qualitative results and twin, single 
echo, sequences were used for all their quantitative 
measurements. Their sequences were standard spin echo sequences 
with TE equal to 120ms. The additional gradient pulse for
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studies of a number of healthy volunteers and patients with 
neurological disorders were undertaken and the qualitative 
differences observed between various tumors were described.
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5.5. Practical Considerations and Preparation.
From the outset a number of practical considerations imposed
limitations on the scope of the experiments. The perfusion
imaging sequences were developed for integration with the work
in progress on monitoring kidney function. The major benefit of
this approach was that control and experimental animals were
already available and no further animal sacrifices would have
to be made. However the timing of the new perfusion imaging
sequences needed to match those already in use to limit
additional imaging time and avoid variations in the extent to
which T and T relaxation has occurred. An imposed 
1 2
instrumental limitation was the maximum gradient strength 
available - 3 Gem -1 on the z-axis and 2.5 Gem 1 on the
transverse axes.
To facilitate the experimental measurements a number of 
preparatory phases had to be undertaken. The first of these 
involved the design, construction and calibration of a 
perfusion phantom. This would enable repeatable assessment 
during the development of the imaging sequences and provide a 
verification or calibration procedure for the ultimate 
perfusion technique. Finally the software for producing 
quotient images and analysing the data therein had to be 
prepared.
Perfusion Phantom.
Budinger et a l . (1985) presented a simple phantom consisting of
a closed volume with three inlets and outlets. Such a device 
may be useful for bulk measurement of random fluid motion but 
its behaviour under a range of flow velocities is difficult to 
predict. At low flow rates especially the expected random 
nature of the flow may be lost. An improvement on this was 
presented by Ahn et al. (19 8 6 (i), (2)) : They used a 33m length
of flexible tubing (internal diameter 1mm) wound in a random 
manner such that a ball shaped phantom of approximately 8cm 
diameter was formed. This ball was immersed in water in a
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cylindrical bottle - to simulate biological tissue which 
contains both stationary fluid as well as capillary flow. The 
authors considered that the whole phantom or even a part of it 
represented a huge voxel which simulated the random directional 
flow of the capillary beds. A number of problems associated 
with this arrangement were found when attempting to reproduce 
it. There was a tendency for the silicone tubing to become 
compressed particularly where an overlapping length lay 
perpendicular to those beneath. This would lead to a local 
variation in flow velocity. Secondly, despite using a constant 
head of water, maintaining a constant flow, particularly at low 
flow rates, was difficult. Furthermore, only when considering 
the phantom as a whole does the flow throughout represent a 
truly isotropic motion.
By careful consideration and design these problems were 
eliminated from the phantom to be used in these experiments. 
This consisted of a three dimensional lattice of lengths of 
glass tubing held in place by a proprietary 'superglue'. Short 
lengths of silicone tubing were used to connect the ends of the 
tubes to make a single continuous pipe (Fig 5.4). The net flow 
in each of the orthogonal directions was zero and so over 
fairly small volumes of the phantom the best approximation to 
isotropic motion was maintained. The phantom contained a free 
flowing solution of copper sulphate fed from a constant head 
reservoir. The constant head was maintained by pumping the 
solution from a lower collecting reservoir directly back to the 
upper reservoir.
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Fig 5.4 Phantom for Assessment of 'Ferfusion' Imaging 
Sequences.
Quotient Imaging Software.
The image processing software provided by SMIS Ltd was written 
in the C programming language with macrocode commands 
controlling the manipulation of data within the vector 
processor (see section 3.4). An additional program for
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generating a quotient image from two source images was written 
in the same code. To generate an image using a pixel by pixel 
quotient was simple but not sufficient for clear visual 
presentation. Extra processing was included (a) for prevention 
of divide by zero errors and (b) for 'noise' filtering : The 
'background' of each image contains random low valued data (a 
noise function) which, upon division, generates a visually 
distracting speckled appearance in the quotient image. The 
background noise could be eliminated by setting those pixels 
(of both source images) below a fixed threshold value to that 
value. Thresholding in this way, to a fixed value, had several 
disadvantages :
The background in the quotient image will always have a value 
of 1 - giving the image an unfamiliar 'grey' background. It was 
determined statistically unlikely that an image would otherwise 
contain value of exactly 1 . 0 0 0 0 0 0  so the background can be 
restored to the familiar 'black' by setting every quotient 
image pixel with value 1 . 0 0 0 0 0 0  to zero;
The second thresholding problem occurs where a source image 
pixel value is severely reduced by the experimental conditions 
(e.g. strong applied gradients or rapid molecular motion). In 
this situation image data will be lost if its value falls below 
the threshold. To overcome this problem the code was initially 
amended to allow the user to input a threshold value. 
Determining what this threshold should be involved a decision 
based on the values of pixel intensities within the source 
images. After some experimentation and consulting the pixel 
values from earlier images the threshold was fixed at 15% of 
the maximum pixel value of the numerator image.
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5.6 Diffusion and Perfusion Separation.
Before designing an experimental procedure for perfusion 
imaging an estimate of the relative magnitudes of the two 
processes involved must be made. For pure water at 25°C a
statistical approach analysing the Brownian motion gives a
-3 2 -1diffusion coefficient of approximately 2.3 x 10 mm s . This
corresponds to a mean displacement of 13.5pm in 4 0ms. In 
biological tissues this figure is reduced by restricted 
diffusion effects and increased viscosity of tissue fluid 
compared with pure water. (Wesbey, Moseley and Erhman (1984)). 
Fluid perfusion rates through the kidney are less well known 
and are usually quoted volumetrically e.g 6 - 7
mlmin-1g -1 (Berndt (1987)). A figure of 2mms -1 for linear 
velocity in the medullary region (outer areas) of canine 
kidneys has been quoted with velocities of up to 3 times this 
figure in the cortex (inner regions) (Wesson (1969)). 2mms~1 
corresponds to a displacement of 80pm in 40ms. Separation of 
diffusion and perfusion is therefore possible on the basis of 
such a differential in their values.
The attenuation factor due to diffusion can be evaluated from 
the contribution of the field gradients used in the imaging
sequences.
Restating eqn 5.2 :
ln|fe^±| = -bD ... (5.4)r n
rT . 21
F 2dt - 4 f Fdt + 4 f2 t]
L Jo T J
and where F(t) = G(t)/dt/ and f = F (t )
o
To obtain an image where the contribution to contrast depends 
purely on diffusion processes requires only two imaging 
sequences. Their response to T and T2 must be identical -
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achieved by identical rf pulses, echo times and repetition 
rates; They must, however, respond differently to diffusion. 
The first sequence, a standard 2DFT sequence, is such that the 
contribution of the imaging field gradients to the diffusion 
attenuation (eqn 5.4) is small. The second sequence, however, 
with additional pulsed field gradients has a significant 
attenuation factor. This can be expressed as follows : For the 
first sequence the signal intensity SQ is given by
Taking the logarithm of the ratio of signal intensities - for 
an image a pixel by pixel ratio - leaves the equation dependent 
on D :
This is the basis of the technique on which a number of authors 
have presented 'diffusion' images ((Taylor and Bushell (1985), 
Ahn et a l . (1986) (i)) and which LeBihan et a l . (1986) termed
IVIM imaging.
The extension of this technique to enable the separation of the 
pure diffusion and the 'perfusion' contributions was the next 
step. Eqns 5.5 and 5.6 can be rewritten to include a perfusion 
factor P which contributes an additional attenuation to the 
signal. The equations have the form:
where n = 0 o r  1 f o r  t h e  two d i f f e r e n t  s e q u e n c e s ,  f  i s  t h e  
f r a c t i o n  o f  s p i n s  p e r f u s i n g  and 1 - f  t h e  f r a c t i o n  d i f f u s i n g .  
Once again the logarithm of the ratio of the signals can be 
taken. On this occasion giving an expression dependent on the
- (TE/T ) -b DS = S e 2y .e oo t=o ... (5.5)
and for the second sequence
s = S e - (TE/T2).e<-b :D>1 t=0 ...(5.6)
In (SQ/Si)/(bi-bo). = D ...(5.7)
. . (5.8)
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contributions of both D and P.
The first sequence, without additional gradient pulses, can be 
expected to have, from numerical substitution into eqn 5.4, a 
negligible value for b Q giving :
ln(SQ/Si)/bi = ln [1/ (1-f) ] .D + (lnf)P ...(5.9)
Now a third sequence is introduced which has longer and/or 
stronger gradients, resulting in an additional expression in 
the form given above (eqn 5.8 with n = 2) .
With the knowledge of the magnitude of the perfusion and our 
ability to calculate b numerically from the pulsed gradient 
contributions (using the expression in eqn 5.4) the gradient 
can be chosen such that
e _biP * 0 ... (5.10)
i.e. the contribution of perfusion to the attenuation of the
signal is a maximum or, alternatively, the contribution of
perfusing fluid to the signal amplitude is negligible.
The difference between the diffusion and perfusion magnitudes
means that e i is still significant. The attenuation due to
—b Pperfusion for the third sequence (e 2 ) is also 1 0 0 % (as b 2 
is greater than b ) and division of the expression with n 
equal 1 by that with n equal 2 leaves
l n ^ / S ^  / ( b ^ b ^  = D ...(5.11)
i.e. if there is a significant difference between the 
magnitudes of the diffusing and perfusing components then the 
diffusion coefficient can be determined independently.
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5.7 Experimental Imaging.
The sequences routinely in use at the University of Surrey for 
intermediate scale imaging (usually of small rodents) were 
conventional 2DFT sequences. They had a repetition rate of 2s 
and a TE of 2 0ms. Two problems were encountered with 
incorporation of pulsed field gradients into these sequences to 
facilitate diffusion measurement :
Firstly the maximum practical length of the gradient pulses was 
limited to 3ms. This was necessary to avoid overlap between the
gradient pulses and the frequency encoding imaging gradient;
— 1Secondly having a strong gradient pulse (3 G.cm ) adjacent to 
the 180° rf pulse caused echo distortions. Residual eddy 
currents persisting through the 180° pulse and the frequency 
encoding period were found to be the cause.
Redesigning the imaging sequence to have a longer TE would 
enable longer pulse gradients to be incorporated. Furthermore 
their amplitude and their proximity to the rf pulses could be 
reduced to eliminate the eddy current problems. The 
disadvantage to employing a longer TE was the reduction in 
signal amplitude due to T2 relaxation and the subsequent 
degradation in signal to noise ratio. This loss of signal may 
be partly recuperated in instrumental changes, by better 
shimming of the field and, at the expense of imaging time, by 
signal averaging. A further disadvantage to an increase in TE 
was that direct integration with the work in progress was no 
longer possible.
An increase in TE to 40ms limited the immediate signal loss to 
less than 40% and provided the flexibility within the sequence 
for a range of pulsed gradient fields to be inserted.
The critical factor for successful separation of diffusion and 
perfusion is the choice of pulsed field gradients for the 
second of the three imaging sequences. The attenuation factor 
b due to these gradients must be large enough to fully 
attenuate the signal from perfusion. However it must also be 
such that the ratio between the second and third sequences 
still provides precise determination of D - i.e. b i must be
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small compared to fcre
Using the maximum gradient available and pulses of 12ms 
duration would, for the third sequence, give a b 2 of 106.24 
s.mm-2.The gradient strength required for b^ to fully attenuate 
the signal from perfusing fluid still provides sufficient 
differential for the determination of D.
Verification of these figures by imaging a phantom containing 
doped water to ascertain D proved surprisingly unsuccessful. 
Both precision and accuracy were lacking in the results. Once 
again investigation revealed persistent gradients, presumably 
induced by eddy currents, were interfering with the 
measurements. The experimental separation of diffusion and
perfusion for kidney function monitoring was abandoned in
favour of simple IVIM imaging. The maximum field gradient 
pulses were reduced to 1.2G cm -1 : At this strength the eddy
current effects were negligible but the separation of diffusion 
and perfusion impossible. The signal attenuation due to Dh2o 
will only be approximately 3.5% (e~bD = 0.9665 for D = 
2 x 10~9mm 2s_1) while for a perfusion of 10 x D the attenuation
is almost 30% (e-bD = 0.7181) .
The perfusion phantom was imaged using two sequences : the
first without pulsed field gradients (b negligible) and theO
second as described above (G = 1.2G cm"1, duration 12ms, b = 
16.99 smirf2) . The phantom was imaged for a range of flow rates. 
Finally images through the abdomen of a rat (including the 
kidneys) were generated from the same sequences.
Results.
The results of imaging the phantom for a range of flow rates 
between 1.27mms-1 and 4.56mms_1 are given in table 5.1. The 
'perfusion' coefficient quoted incorporates the effects of all 
incoherent motions within the region of interest selected from 
the image. The same regions of interest were selected from each 
IVIM image. For the IVIM image of the rat a number of regions 
of interest were selected from each of the following tissue 
areas : kidney cortex ; kidney medulla ; perinephric fat and
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paraspinal muscle. The 'perfusion' coefficients calculated for 
these areas are given in table 5.2. The quoted standard 
deviation of the image data is based on the number of regions 
of interest sampled.
Graph 5.1 shows the 'perfusion' rates plotted against the flow 
rat e .
Table 5.1 Measured 'Perfusion ' Coefficients for a range
of Flow rates.
Flow Rate Perfusion coefficient
[ (mms _1) ±0 . lSmrrts-1] [ ( xl0-3mm2s 1) ±1 s.d.]
1.27 3.51 ± 1.63
1.59 4.41 + 2.28
1.94 5.74 ± 2.67
2.25 7.08 + 2.93
2. 97 1 0 . 62 ± 3.42
3.48 13.52 + 3.73
4 .12 16.68 + 3.34
4.56 19.49 ± 2.72
Table 5.2 Measured 'Perfusion ' Coefficients from Image 
through Abdomen of Rat.
Region Perfusion coefficient
[ (xlO_3mm2s_1) ±1 s.d.]
Kidney (cortex) 32.86 ± 1.07
Kidney (medulla) 31.46 ± 2.43
Perinephric Fat 20.92 <#>
Paraspinal Muscle 4.78 ± 1.36
(#) •There were insufficient readings from the Perinephric Fat
to quote a reliable standard deviation.
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F lo w  R a t e  S q u a r e d
G r a p h  5 . 1  M e a s u r e d  ' P e r f u s i o n '  C o e f f i c i e n t  o f  t h e  P h a n t o m  a s  
a  F u n c t i o n  o f  F l o w  R a t e .
D i s c u s s i o n .
T h e  p h a n t o m  e x p e r i m e n t s  p e r f o r m e d  s h o w  t h a t  t h e  ' p e r f u s i o n '  
r a t e  i s  d i r e c t l y  r e l a t e d  t o  t h e  a t t e n u a t i o n  c o e f f i c i e n t  
c a l c u l a t e d  f r o m  i m a g e  d a t a .  F o r  r a n d o m  f l u i d  m o t i o n  p r o c e s s e s  -
d i f f u s i o n  a n d  p e r f u s i o n  -  t h e  c o e f f i c i e n t  c h a r a c t e r i s i n g  t h e
m o l e c u l a r  m o b i l i t y  (D  o r  P )  i s  a  f u n c t i o n  o f  t h e  m e a n  s q u a r e
d i s p l a c e m e n t .  G r a p h  5 . 1  s h o w s  t h e  ' p e r f u s i o n '  c o e f f i c i e n t  
p l o t t e d  a g a i n s t  t h e  f l o w  r a t e  s q u a r e d .  T h e  i n t e r c e p t  w i t h  t h e  
v e r t i c a l  a x i s  i n d i c a t e d  t h a t  t h e  p u r e  d i f f u s i o n  v a l u e  i s
-9 2 -1 «
2 . 6 4  x  1 0  mm s  . w h i c h  a g r e e s  w i t h  t h e  v a l u e s  f o u n d  b y  J a m e s  
a n d  M c D o n a l d  ( 1 9 7 3 )  a n d  L e B i h a n  e t  a l . ( 1 9 8 6 ) .  T h e  p e r f u s i o n
i m a g e  o f  a  r a t  s h o w e d  h i g h e r  p e r f u s i o n  v a l u e s  w i t h i n  t h e  k i d n e y
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compared to the perinephric fat and the paraspinal muscle.
T h e  e x p e r i m e n t a l  f r a m e w o r k  f o r  t h e  i m a g i n g  o f  p e r f u s i o n  a n d  i t s  
s e p a r a t i o n  f r o m  d i f f u s i o n  h a s  b e e n  d e v i s e d  a n d  m e a s u r e m e n t s  o f  
p e r f u s i v e  f l o w  h a v e  b e e n  d e m o n s t r a t e d  i n  a  p h a n t o m  . A n u m b e r  
o f  p r o b l e m s  w e r e  e n c o u n t e r e d  d u r i n g  t h e  i m p l e m e n t a t i o n  o f  t h e  
d i f f u s i o n  s e p a r a t i o n  e x p e r i m e n t  w h i c h  a r e  t h e  s u b j e c t  o f  
f u r t h e r  w o r k  :
I .  T h e  s t r o n g  g r a d i e n t  p u l s e s  r e q u i r e d  c a u s e d  e d d y  c u r r e n t s  
t o  b e  i n d u c e d  w h i c h  i n  t u r n  c a u s e d  d i s t o r t i o n s  i n  t h e  a p p l i e d  
i m a g i n g  g r a d i e n t s .  T h e s e  a d d i t i o n a l  f i e l d s  p r o b a b l y  d o  n o t  
c o n t r i b u t e  a  g r e a t  d e a l  t o  t h e  m o t i o n  a t t e n u a t i o n  e f f e c t ;  T h e y  
d o ,  h o w e v e r ,  h a v e  a  s i g n i f i c a n t  e f f e c t  d u r i n g  t h e  a p p l i c a t i o n  
o f  t h e  1 8 0 °  p u l s e  a n d  d u r i n g  t h e  d a t a  a c q u i s i t i o n  p e r i o d .
I I .  I n  s p i n - e c h o  p e r f u s i o n  i m a g i n g  o f  t h e  k i d n e y ,  w h i c h  h a s  a  
s h o r t  T2 r e l a x a t i o n  t i m e ,  t h e  e c h o  t i m e  i s  k e p t  s h o r t  t o  
m a i n t a i n  g o o d  s i g n a l  t o  n o i s e  r a t i o .  W i t h  l i m i t e d  a m p l i t u d e  
g r a d i e n t s  t h e  p u l s e  l e n g t h  c o u l d  n o t  b e  i n c r e a s e d  s u f f i c i e n t l y  
t o  p r o v i d e  t h e  r e q u i r e d  a t t e n u a t i o n  f o r  d i f f u s i o n  a n d  p e r f u s i o n  
s e p a r a t i o n .
I I I .  S e q u e n c e s  w i t h  s t r o n g  g r a d i e n t s  a r e  a l s o  s e n s i t i v e  t o  
c o h e r e n t  m o t i o n s .  T h e s e  a r e  u s u a l l y  r e l a t e d  t o  c a r d i a c  a n d / o r  
r e s p i r a t o r y  c y c l e s  i n  l i v e  s u b j e c t s .  E x t e r n a l  r e s p i r a t o r y  
m o t i o n  w a s  c l e a r l y  v i s i b l e  i n  b o t h  t h e  t h o r a c i c  a n d  a b d o m i n a l  
a r e a s  o f  t h e  a n a e s t h e t i s e d  r a t .  I n  t h e  a b d o m i n a l  r e g i o n  t h i s  
i s  p r i m a r i l y  i n  t h e  d i r e c t i o n  c o r r e s p o n d i n g  t o  t h e  s l i c e  
s e l e c t i o n  g r a d i e n t  a n d  w o u l d  c o n t r i b u t e  t o  a  l o s s  i n  s i g n a l  t o  
n o i s e .
A r e a s  t h a t  h a v e  p o t e n t i a l  f o r  f u t u r e  i n v e s t i g a t i o n  i n c l u d e  e d d y  
c u r r e n t  r e d u c t i o n  o r  c o m p e n s a t i o n ;  P e r f u s i o n  i m a g i n g  o f  l o n g  T  
t i s s u e s  ( b r a i n ,  C S F ,  l i v e r ) ; V e g e t a b l e  a n d  n o n - b i o l o g i c a l  
i m a g i n g  -  w h e r e  s i g n a l  t o  n o i s e  r a t i o  c a n  b e  r e s t o r e d  t h r o u g h  
a v e r a g i n g  o v e r  t i m e ;  F l o w  a n d  o t h e r  c o h e r e n t  m o t i o n  s u p r e s s i o n  
a n d  c h e m i c a l  s h i f t  s p e c i f i c  d i f f u s i o n  i m a g i n g .
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Appendix A. Magnetic Field Data for Zonal Harmonic
E v a l u a t i o n .
A x i a l  P o s i t i o n  
(cm s)
1 5
10
5
0
- 5
- 1 0
- 1 5
P r o t o n  NMR F r e q u e n c y  
(MHz)
6 . 3 6 4 3 5
6 . 3 6 4 3 0
6 . 3 6 4 2 5
6 . 3 6 4 2 0
6 . 3 6 4 1 5
6 . 3 6 4 0 5
6 . 3 6 3 8 3
P o i n t  m e a s u r e m e n t s  o f  P r o t o n  NMR F r e q u e n c y  (MHz) o n  a  c y l i n d e r ,  
c o a x i a l  w i t h  t h e  m a g n e t i c  f i e l d ,  w i t h  c y l i n d r i c a l  r a d i u s  2 0 c m .
Appendix B . Magnetic Field Data for Tesseral Harmonic
E v a l u a t i o n .
u a g le
(0 )
0
- 1 0 - 5
z  p o s i t i o n  (cm s) 
0 5 10 1 5
6 . 3 6 7 9 0 6 . 3 6 7 1 5 6 . 3 6 6 2 1 6 . 3 6 6 8 5 6 . 3 6 7 1 5 6 . 3 6 4 8 7
1 5 6 . 3 6 7 8 0 6 . 3 6 6 7 5 6 . 3 6 6 0 2 6 . 3 6 6 8 0 6 . 3 6 7 4 0 6 . 3 6 5 3 0
3 0 6 . 3 6 7 6 0 6 . 3 6 6 6 0 6 . 3 6 5 7 1 6 . 3 6 6 4 9 6 . 3 6 7 2 0 6 . 3 6 5 1 0
4 5 6 . 3 6 7 3 0 6 . 3 6 6 3 5 6 . 3 6 5 3 5 6 . 3 6 5 8 5 6 . 3 6 6 3 0 6 . 3 6 4 3 0
6 0 6 . 3 6 7 0 0 6 . 3 6 6 3 0 6 . 3 6 5 3 4 6 . 3 6 5 7 1 6 . 3 6 5 4 6 6 . 3 6 3 1 5
7 5 6 . 3 6 6 9 0 6 . 3 6 6 3 5 6 . 3 6 5 5 5 6 . 3 6 5 7 5 6 . 3 6 5 4 5 6 . 3 6 2 6 0
9 0 6 . 3 6 6 8 8 6 . 3 6 6 7 5 6 . 3 6 5 9 5 6 . 3 6 6 2 0 6 . 3 6 5 6 5 6 . 3 6 2 5 5
1 0 5 6 . 3 6 6 9 0 6 . 3 9 7 1 0 6 . 3 6 6 5 5 6 . 3 6 6 7 0 6 . 3 6 5 7 0 6 . 3 6 2 7 0
1 2 0 6 . 3 6 7 4 5 6 . 3 6 7 4 5 6 . 3 6 6 6 9 6 . 3 6 7 1 5 6 . 3 6 6 4 0 6 . 3 6 3 0 0
1 3 5 6 . 3 6 7 4 0 6 . 3 6 7 4 0 6 . 3 6 6 6 9 6 . 3 6 7 4 0 6 . 3 6 6 8 0 6 . 3 6 3 6 0
1 5 0 6 . 3 6 7 5 5 6 . 3 6 6 9 2 6 . 3 6 6 6 5 6 . 3 6 7 7 0 6 . 3 6 7 3 0 6 . 3 6 4 0 0
1 6 5 6 . 3 6 7 4 0 6 . 3 6 7 1 0 6 . 3 6 6 6 6 6 . 3 6 7 7 0 6 . 3 6 7 1 0 6 . 3 6 4 1 0
1 8 0 6 . 3 6 7 8 0 6 . 3 6 7 4 0 6 . 3 6 6 6 2 6 . 3 6 7 5 5 6 . 3 6 7 5 0 6 . 3 6 4 5 5
1 9 5 6 . 3 6 7 8 0 6 . 3 6 7 2 5 6 . 3 6 6 6 7 6 . 3 6 7 7 0 6 . 3 6 8 0 0 6 . 3 6 5 7 0
2 1 0 6 . 3 6 8 0 5 6 . 3 6 7 6 5 6 . 3 6 6 7 5 6 . 3 6 7 9 5 6 . 3 6 8 5 7 6 . 3 6 6 3 0
2 2 5 6 . 3 6 8 1 0 6 . 3 6 7 5 5 6 . 3 6 6 7 0 6 . 3 6 7 6 0 6 . 3 6 7 9 0 6 . 3 6 5 8 0
2 4 0 6 . 3 6 8 3 0 6 . 3 6 7 6 5 6 . 3 6 6 8 3 6 . 3 6 7 5 5 6 . 3 6 7 9 0 6 . 3 6 5 5 5
2 5 5 6 . 3 6 8 0 0 6 . 3 6 7 8 0 6 . 3 6 6 9 3 6 . 3 6 7 5 5 6 . 3 6 7 6 0 6 . 3 6 4 9 0
2 7 0 6 . 3 6 8 0 0 6 . 3 6 8 0 0 6 . 3 6 7 2 1 6 . 3 6 7 6 0 6 . 3 6 7 4 0 6 . 3 6 4 0 0
2 8 5 6 . 3 6 7 8 0 6 . 3 6 7 9 0 6 . 3 6 7 4 2 6 . 3 6 7 7 0 6 . 3 6 6 8 0 6 . 3 6 3 3 0
3 0 0 6 . 3 6 7 8 0 6 . 3 6 8 1 0 6 . 3 6 7 6 0 6 . 3 6 8 0 0 6 . 3 6 7 5 0 6 . 3 6 4 2 0
3 1 5 6 . 3 6 7 4 2 6 . 3 6 7 7 5 6 . 3 6 7 3 9 6 . 3 6 7 9 0 6 . 3 6 7 7 0 6 . 3 6 4 3 0
3 3 0 6 . 3 6 7 7 0 6 . 3 6 7 7 0 6 . 3 6 7 0 8 6 . 3 6 7 6 0 6 . 3 6 7 7 0 6 . 3 6 5 5 0
3 4 5 6 . 3 6 7 7 0 6 . 3 6 7 3 0 6 . 3 6 6 4 0 6 . 3 6 6 8 0 6 . 3 6 6 9 0 6 . 3 6 4 5 0
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